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FOREWORD 

All possible energy sources will need to be developed as the world population 

grows, as per-capita consumption of energy increases, and as the availability of 

certain major fuels is reduced. A world-wide quickening of technological develop-

ment is therefore taking place in order to add some potential new and renewable 

energy sources to the present spectrum. The list of major sources - fossil fuels, 

nuclear and hydroelectric - is being enlarged to encompass the developing 
technology of, among others, solar pliotovoltaic, geothermal, wind, ocean current 
and biomass conversion products as potential future energy suppliers. 

Most countries are now involved in formulating or revising their national 

energy policies. They are projecting scenarios for an optimal energy mix appropri-
ate to available resources and in the context of other indigenous socio-economic 
and technological factors. All these methods of energy production and use pose 

some risk of detriment to human health and environment through toxic emissions. 
In the climate of recently growing public concern for the preservation of man's 
health in his environment, the concept of potential risk attributable to the energy 
options may, as in all other industrial activities, become an important factor in the 
development strategies of national and international energy policies. Studies 

have therefore begun in recent years under the auspices of national and inter -

national organizations, such as those sponsored by UNEP, WHO and IAEA, to 
evaluate quantitatively the health and environmental risks of energy production 
and use and to promote the perception of those risks in the context of community 
life. 

There is a great deal of diversity in both the quality and the quantity of the 
pollutant emission potentials of the energy fuel cycles available, and consequently 

also in their potential health hazard. The level of understanding of the mechanisms 
involved, their stage of development for data acquisition, and the depth of evalu-
ation, are grossly unequal for different energy fuel cycles: this leads to major uncer-

tainties in the resultant risk estimates. The current knowledge and available 

supporting data from which risks are to be identified therefore need to be fully 

and clearly formulated and standardized if they are to be capable of influencing 

decisions of the authorities concerned and lead to a viable energy policy, regulatory 
control and guidelines for standard-setting. 

There was obviottsly a need for a critical review and discussion of current 
mnctliods of data acquisition, modelling, risk quantification and comparative 

analyses with regard to the health-impact potentials of chemical and physical 



pollutants emitted from the operation of the different energy fuel cycles. The 
present symposium, jointly organized by the WHO, UNEP and IAEA, provided 
such a forum. 

Among other topics reported on in the present volume, the suitability of 
methods of health-risk assessment of energy technologies are reviewed in reports 
from the USA, Canada, the USSR, France, the United Kingdom and the Federal 
Republic of Germany, dealing with operational experience of various types of 
power plants under specific site conditions. Epidemiological data on energy-
related fatalities, accidental disabilities, and other stochastic and non-stochastic 
health disorders, including late effects (carcinogenesis and genetic defects) suffered 

by occupational workers and the general public, have been validated for risk 
assessment and for the establishment of exposure-dose-response relationships in 
order to assist in setting up regulatory guidelines. Data from community health 
statistics and demography, such as parameters of mean birthweight, infant 
mortality rates, life expectancy, lost working days, change of trends in specific 
disease- and age-related mortality in countries with different levels of technological 
advancement, have provided bases for sensitive methodologies to assess the health 
impacts from pollutants emitted from energy sources. 

The well developed health-risk assessment and regulation aspects of nuclear 
energy cycles have provided much guidance and have served as model systems 
for all other energy cycles. However, owing to the fragmentary nature of the 
input information from conventional energy sources, including, for example, 
aspects of dose-effect relationships, interactions and dosimetry, the current risk 
estimates in those cases often suffer from major uncertainties which must be 
remedied by further efforts. 

The consensus of the symposium was as follows: 

(1) The development and utilization of all energy sources pose some detri-
ment to man's health and environment. 

2) The overall estimated direct and indirect health impacts of available 
energy sources are comparable between technologies, with small variations within 
a range of factors. 

It becomes evident from the current estimates that the total detriments 
to heaith attributable to energy production, whatever the energy source, form 
only a minute proportion of those from all causes in society. 

Potential health risks in terms of reduction of life expectancy attribut-
able to some energy-conservation measures alone may be greater than the direct 
and indirect impacts from the generation of an equivalent amount of energy, 
irrespective of its source. Similarly, an inadequate energy supply might cause a 
greater loss of life than the production of that amount of energy. 

Further improvement in the understanding of dose-response of chemical 
pollutants along with the metabolic models and their interactions should facilitate 



risk evaluation and the setting of regulatory standards for environmental health 

monitoring of conventional as well as new energy technologies. 

This symposium has pioneered the review and comparison of available data 
on health impacts from a large cross-section of both established and developing 
energy-source technologies. The proceedings should serve as a valuable reference 
source for experts in life sciences and biomedical and environmental health 
research, epidemiologists, radiation biologists, genetic toxicologists, health and 
environmental regulatory authorities, energy planners and policy-makers. 

The success of the symposium was due to a large extent to the expert advice 
and constant help of Dr. L. D. Hamilton of Brookhaven National Laboratory. The 
able assistance and hospitality extended by the host Government and the officials 
in charge of local arrangements, particularly Dr. C. Richmond of Oak Ridge 
National Laboratory, the United States Scientific Adviser to the meeting,are 
gratefully acknowledged. To all of them, and to the co-operative authors and 
participants, the organizers wish to express their gratitude. 
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IAEA-SM-254/101 

COMPARING THE HEALTH IMPACTS 
OF DIFFERENT ENERGY SOURCES 
Keynote Address 

L.D. HAMILTON 
Biomedical and Environmental Assessment Division, 
Brookhaven National Laboratory, 
Upton, New York, 
United States of America 

Abstract 

COMPARING THE HEALTH IMPACTS OF DIFFERENT ENERGY SOURCES: 
KEYNOTE ADDRESS. 

Assessing health impacts of different energy sources requires synthesis of research 
results from many different disciplines into a rational framework. Information is often 
scanty: qualitatively different risks, or energy systems with substantially different end uses, 
must be put on a common footing. Historically institutional constraints have inhibited 
agencies from making incisive intercomparisons necessary for formulating energy policy; 
this has exacerbated public controversy over appropriate energy sources. Risk assessment 
methods reviewed include examples drawn from work of the Biomedical and Environmental 
Assessment Division at Brookhaven National Laboratory and elsewhere. Uncertainty over 
the mechanism and sire of air pollution health damage is addressed through a probabilistic 
health-damage function, using sulphate-particle exposure as an indicator. This facilitates 
intercomparison through analysis of each step in the whole fuel cycle between a typical 
coal and nuclear power plant. Occupational health impacts, a significant fraction of overall 
damage, are illustrated by accident trends in coal-ruining. In broadening comparisons to 
include new technologies, one must include the impact of manufacturing the energy-
producang device as part of an expanded fuel cycle, via input/output methods. Throughout 
the analysis, uncertainties must be nsade explicit in the results, including uncertainty of 
data and uncertainty in choice of appropriate models and methods. No single method of 

comparative risk assessment is fully satisfactory; each has its limitations. Several methods 
mutt be compared if decision-making is to be realistic. 

The World Health Organization (WHO), the United Nations Environment 
Programme (UNEP) and the International Atomic Energy Agency (IAEA). which 
are jointly organizing this symposium, concern themselves with the health 
effects of different energy sources. WHO, specifically its Division of Environmental 
Health, has been studying pollutants, many of them originating from energy 
sources. WHO in collaboration with UNEP has issued Environmental Health 
Criteria reports, e.g. "Oxides of Nitrogen", "Photochemical Oxidants", "Sulfur 
Oxides and Suspended Particulate Matter", and has co-sponsored with the IAEA 
a study on the health implications of nuclear power production. WHO has a 
small-scale study under way on comparison of low levels of environmental 
pollutants from energy sources. 
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UNEP has began a continuing review of the health and environmental 
impacts of individual fuel cycles with the aid of international panels of experts. 
UNEP has published reports on fossil fuels (1979). nuclear energy (1979), 
and renewable sources of energy (1980). A comparative assessment of 
environmental impacts of diflerent sources of energy is in preparation. 
UNEP also co-sponsored with the Beijer Institute, Stockholm, and the USSR 
Commission for UNEP an International Workshop on Environmental 
implications and Strategies for Expanded Coal Utilization, from which an 
excellent report should be available soon. 

The IAEA has a strong interest in the technical base from which to assess 
health consequences of the nuclear fuel cycle•, it co-operates with other 
agencies on such assessments, e.g. the WHO Regional Office for Europe and 
the UNEP Nuclear Fuel Cycle Panel. 

Assessment of the health impacts of different energy sources requires the 
co-operation of many disciplines. This symposium considers the diversity of 
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approaches. Although the symposium is restricted to health Lmpacts, coverage 
of this topic is far from all-inclusive. Figure 1 indicates the potential range of 
topics to be included in a health and safety analysis. Health assessment requires 
the physical and chemical definition and quantitation of emissions from each 
stage in an energy cycle, including definition of the chemical transformation 
in transport and dispersion of these emissions through air, water and food 
pathways. Dose-effect relationships derived from epidemiological studies are 
needed, after definition by use of metabolic models of the distribution of 
pollutants within man. This symposium covers some elements for this 
assessment. Accordingly we have sessions on: epidemiological indices for 
evaluating health impacts; interrelationships of various health, demographic, 
socioeconomic and environmental energy data necessary for risk estimation 
and assessment of health; environmental transport and transformation of 
discharges from energy influencing the estimation of dose to persons; 
experimental validation of the link between energy-associated effluents and 
biological damage; methods for quantitating and comparing health risks; 
risk analyses comparing different energy sources; new risk-assessment designs 
for comparing health effects of different energy sources. Because of widespread 
interest, manifested in the contributions focused on this area, a session is 
devoted to radioactivity in coal. Finally, a poster session covers various topics. 

To measure the health costs of energy systems, the systems have to be 
put into a coherent framework. Figure 2 diagrams energy production, 
distribution, and use [1]. It furthers analysis of costs and hazards for each 
stage. The diagram includes: nuclear power; hydropower, geothermal and 
solar; coal, crude oil and natural gas. An additional topic, technologies under 
development, could be included. Stages in the fuel cycles are: (1) exploration 
and extraction; (2) refining and conversion; (3) transport and storage; 
(4) centraLstation conversion; (5) transmission, distribution and storage; 
(6) decentralized conversion; (7) utilizing device; (5) energy services by demand 
sector. Most of these stages entail their own health costs, some direct (e.g. risks 
of injury or death in mining), some indirect (e.g, release of pollutants into air 
and water; thence into food chains. etc.). 

The range of information needed to calculate health effects of different 
energy systems -- emissions characterization, environmental transport, trans-
formation and dispersion, demography, effects studies, risk assessments. 
comparisons 	means that such assessment depends on more than merely 
the assessors who make the final calculations. This principle I learned as a 
research physician. Often, recognition is given only to the physician who gives 
a drug to a patient; skimpy recognition is given those who developed and 
tested it in the laboratory, thus enabling clinical trial. Similarly, in assessing 
the health effects of different energy systems, we depend on the research of 
those who characterized the emissions, chemical transformation, dispersion, 
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etc., just as much as those who finally apply the statistically developed damage 
function.("It is not the final blow of the axe which fells the tree') 

Ideally, assessment of energy systems distils in scholarly fashion vast 
technological and biological research. As part of science and scholarship, the 
analysis and assessment must be as objective as humanly possible. impact 
assessment should not he perverted by special interests to proselytize for one 
form of energy over others. 

Information on which to base risk assessment is often scanty. Even so, 
organizing data so as to clarify choices among energy options and gauge the 
uncertainties is a useful aid to decision-making. Since choices must be made 
from among technologies, standardized comparisons are a must. For technologies 
producing the same form of energy, e.g. electricity, a standardized unit of 
production or production rate can be used, such as a I000-MW(e) power-
plant-year. When comparisons extend across technologies based on different 
energy forms (e.g. coal-electric versus coal-gasification versus coal-liquefaction) 
the proper comparison is not always obvious. Electricity, gas and oil having 
the same energy are not equivalent: they serve different choices within the 
entire energy system for all demands (Fig.2). Our assessment must calculate 
risk for each component. Valid comparisons can be made only between 
entire fuel cycles or between entire alternative energy systems. 

The great difficulty in risk assessment is how to compare qualitatively 
different risks. There may be trade-offs among air, water and land impacts; 
between short-term and long-term risks; or between extraordinary and routine 
risks. In comparing coal and nuclear-fuel cycles, for example, the high 
probability of air-pollution impacts from coal (although uncertain in magnitude) 
must be compared with the low probability of catastrophic events from nuclear 
energy. Quantitative analysis alone cannot tell now large an assured routine 
impact one is willing to accept to avoid an unlikely catastrophe. Risk assessment 
would help separate scientific issues from value issues in these very thorny 
technological problems, thus helping decision-makers clarify their decisions. 

If such assessments are so useful, why is the field so recent? Why do we 
meet here as the first world-wide symposium? The developing information has 
been there, but pressures to organize the results of research coherently, i.e. 
to assess the health risks of different energy sources, are recent. Only just 
over nine years ago did the Division of Biomedical and Environmental Research 
of the US Atomic Energy Commission (AEC), anticipating their forthcoming 
transformation into the US Energy Research and Development Administration 
(ERDA), evince interest in comparing the health effects associated with 
alternative energy sources. Just eight years ago was there funding for the work 
begun at Brookhaven. One reason for this lag was that the AEC was concerned 
only with nuclear power. Comparative assessments would have required work 
on energy sources which could have been criticized as outside its jurisdiction. 
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The historical fact is that the Division of Biomedical and Environmental 
Research and its predecessors in the AEC, although they had supported most 
of the important research on radiation, had no programme which integrated 
their research with assessment of the effects of radiation, and especially the 
effects from the nuclear fuel cycle. Such necessary assessments 	at least of 

the effects of radiation - were being carried out by national and international 
bodies of competent experts such as the National Council on Radiation Protection 
and Measurement (NCRP), the international Commission on Radiological 
l'rotection (ICR!?), the National Academy of Sciences Committee on the 
Biological Effects of Ionizing Radiations (BEIR), and the United Nations Scientific 
Committee on the Effects of Atomic Radiation (UNSCEAR). 

In effect, the Division of Biomedical and Environmental Research of the 
AEC had delegated responsibility for the assessment of the effects of radiation 
to these national-and international panels and supported their activities directly 
or indirectly. But before World War II, consideration of the hazards of 
radiation and of radiation protection was itself the self-regulatory response of 
the medical radiological community to broad social pressures brought to hear 
by the courts, the news media and insurance companies. UNSCEAR reflected 
world-wide concern about radioactive fall-out from nuclear tests in the atmosphere. 
That the hazards of radiation were usually considered apart from the nuclear 
technology itself may have contributed to the little effect the precise 
calculations of risk -... or the upper limits of risk 	seem to have had on people 
concerned about radiation from the nuclear industry. 

Now and in the past, many of those engaged in the development and 

deployment of energy technologies have been rather indifferent to health 
assessments, even opposing them because they regarded their results as potentially 
harmful to vaguely specified interests, and potentially increasing their 
difficulties in deploying energy sources. 

In many countries, health and environmental uncertainties about electric 
power generation powerfully constrain development of electrical power. Increased 
global energy needs, coupled with public debate on energy technologies, now 
powerfully urge assessments of the implications for health of energy sources. 

Rational risk assessment has barely begun, and in some ways it must compete 
with strongly held subjective views commonly held about risk. Yet subjective 
risk estimation should not be deprecated: living is a continual balancing of 
risks and benefits. But as the difficulty of choice increases, subjective or 
individual experience won't do. Economists and psychologists document that 
public responses to risk and benefit are not clearly rational. This stems partly 
from limited availability to the public of reliable information. There is also the 
disparity between mathematical definitions and intuitive notions of risk. 
Everyday risks appear familiar and personal, hence comprehensible; technological 
risks, particularly when they involve the general public, seem abstract and 
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freedom) obtained by treating the results of four other regression studies as independent 
estimates of the same slope [2]. 

forbiddingly impersonal. The widespread risks of the past - hunger and 
pestilence -- had an aura of comprehensible inevitability. Technological risks 
are set apart by their controllability: since they involve conscious choices, they 
mirror existing conflicts of financial and social motives. 

With these considerations as preamble. let us turn to some brief examples 
of how risk assessment has been applied to deal with the difficulties enumerated. 
Urban mortality has been shown by vast research to correlate with ambient air 
pollution. But linking damage to this or that component of pollution has 
emerged as extraordinarily difficult, requiring the elaboration of a host of 
analytical techniques, physical, che mical andpathological. 

The approach we have taken for estimating air pollution impacts from 
fossil fuel combustion has been through construction of a probabilistic, 
subjective sulphate health damage function [21. Sulphate appears to have 
the most constant association with measured health impact; it is thus used 
as a surrogate for overall air pollution. This damage function (Fig.3), reconciling 
the findings of several conflicting studies, expresses the probability that any 
given linear coefficient represents the real correlation between suphate dose 
and excess deaths. It thus provides a way to deal quantitatively with the 
uncertainty in damage rates in the literature. 

For perspective, Fig.4 gives the causes of death in the USA [3, 41. This 
shows the proportions of Americans dying of various causes in 1979, including 
estimated fractions of each linked to smoking and alcohol. The estimates of 
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deaths linked to air pollution from coal combustion by utility and industrial 
sources in 1975. using the above sulphate damage function ('-50 000 deaths, 
ranging from 7500 to 120000 [Si) were not assigned to category of death 

and so are shown separately. 
The next example deals with what I have referred to as the fuel cycle 

approach. Figure 5 compares two power plants, each capable of producing 

1000 MW of electricity with a 657o capacity factor. One is a typical nuclear 
power plant, the other a coal-fired plant. The areas in the figures are proportional 
to deaths per year in the USA for each component of the two fuel cycles [6]. 
Uncertainty is not indicated in the figure but can be found in the original references. 

Figure 5 raises several questions that need further consideration. It covers 
direct fuel cycle effects only: mining, transport, processing and electricity 
generation. This immediately raises the question of the appropriate boundary 
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FIG 5. Comparison of aggregated risk from nuclear and coat fuel cecles, norrnalGeij to a 

1 000414(e) power plant with a 65% capacity factor. Shaded areas are proportional u 

deaths per Year in the USA for each component of the two [dcl cycles [6. 

of study and how to assess indirect effects, a topic we come to later. Comparisons 
between energy sources must use consistent boundaries. Figure 5, as a summary, 
necessarily aggregates occupational and public deaths. This ignores any 
differences in loss of life expectancy associated with different causes of death. 
It also necessarily aggregates on an actuarial basis the effects of rare catastrophic 
accidents. All these require separate definirion and, some might argue, separate 
treatment and consideration. As already indicated, the figure gives no indication 
of uncertainty. 

The data summed in Fig.5 did not come easily, nor are they to be considered 
exact. Analysis of public health damage from use of fossil fuel does not have a 
long h!story of radiological health studies nor, until more recently, the benefit 
of comparably accurate measurement techniques. 

International comparisons of health impacts can he directly revealing. 
Figure 6 shows fatal injuries per million miner-hours for underground coal 
mines [7]. US mines averaged 1.0 to 1.3 deaths! I 06 person-hour until after 
passage of the 1969 Coal Mine health and Safety Act (CMHSA), which was 
followed by a sharp drop in the mortality rate. Note that productivity levels 
(tonnes produced per miner-hour) also dropped after passage of CMHSA, 
cancelling out most of the gain in terms of fatalities per tonne of coal produced. 
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Clearly, health effects of different energy sources depend directly on the 
quantity and type of energy use. These vary greatly according to geography. 
Thus Fig.7 shows the share of fuel-wood in the total energy consumption of 
various countries and global regions. Fuel-wood is the fourth largest contributor 
to world energy supply after petroleum, coal and natural gas. Close to half the 
world population, especially those living in rural and urban areas of developing 
countries, depend for cooking and heating on fuel-wood, its derivative, charcoal, 
or, in the absence of either of these, on agricultural residues or dung. Fuel-wood 
constitutes more than half the world's consumption of wood. rising to 86% 
in developing countries and 91% in Africa [8]. 

Our studies of health effects of fuel-wood use in the USA, like our analysis 
of other energy sources, were based on the health effects of supplying a unit 
amount of energy (e.g. that needed to provide heat for I Q6  dwelling-years). 
Health effects were estimated in gathering, transport and combustion stages 191. 
Oil and coal alternatives were scaled from earlier work (Fig.8). Figure 9 brings 
those rather abstract estimates down to the level of an individual. We calculated 
the total risk for a single dwelling unit as though faced by a single individual. 
The risk of death to this individual associated with the gathering, transport and 
burning of wood as the sole source of heat for his home over 40 years is 
expressed graphically as the volume of a cluster of cubes [9].  The total risk for 
the whole period is 0.2%. This can he compared with the risk of death in an 
autoniobile accident during the same period of '-l%. 



14 	 H A Mt liON 

WESTERN 
EUROPE j 0.7 
WORLD 

AVERAGE 
LATI N 

AMERICA 

ASIA j 20 

NDIA 
AVERAGE)  

AFRICA 

NDIA(RURAL)!  

0 

56 

60 

100 

SHARE CF FUEL-WOOD IN TOTAL ENERGY 

CONSUMPTION (%) 

FIG. 7. Share of fuel-wood in the total energy consumption of various countries and 
regions [8] india's shrr of fuel-wood includes czgiiculIural residues and dung 

POLLUT ION 

	

I 	'HOUSE CIHES 

r4$p5p-{ (os) 

	

(9) 	GATHLHIN:  

POLLJTiON 

RANSPORT 

3MINING 

	

WOOD 	 OL 	
ELECTRIC 

FIG. S. Gomparison of health effects of wood, oil and coal 

supplying spa cc heat for 1 million dwelling years 

(6X10 7  Gfheator8.8X 107 GJwoodinputat69% 

efficiency) [p1. 



IAEA-SM-254/101 	 15 

RISK, TO 4 SINGLE PERSON, OF FATALITY DUE TO 
SUPPLYING ONE DWELLING WITH WOOD-FUEL FOR 40 YEARS 

- 	xIO 5  

HERING .6 x IO 

-4 

AIR POLLUTION: 92 x10 4  

TflTAI - I 	 Ifl 3  

For corn par/son. 
Risk of auto accident death 
in 40 years in the USA 

9.5x10 3  

FIG.9. Equivalent individual risk of deatil, by cause, from 

40 ears' operation of a residential wood stove 191 

In assessing the health effects of different energy sources we must take 
into account comparison of societal and individual occupational risks for different 
fuel cycles. Figure 10 shows how comparative risk to individuals from energy 
technologies per unit of time exposed can differ from the relative risk per unit 
of energy produced [10]. Wood pyrolysis is more dangerous to workers in the 
industry than residential photovoltaics, in this example, but it requires far less 
labour per Btu delivered and accordingly has much lower occupational impacts 
per unit of energy output. These are direct impacts, but system-wide impacts 

show similar behaviour. 
In considering new and renewable sources of energy now receiving attention, 

such as solar energy, wind power and alcohol fuels, the idea of a fuel cycle' 
needs expansion to encompass industries such as solar photovoltaics. where 
virtually no risk attaches to the operation of the device but a substantial 
amount - often ignored - may be involved in its manufacture. 
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INDIVIDUAL RISK vs. RISK PER Btu 
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Attempts were made to deal with this difficulty by expanding the fuel 
cycle concept to include all stages in developing an energy system. including 
the concrete that goes into the plant that manufactures the glass for the solar 
collector. The issue of completeness has been addressed by noting that the 
backward analysis of manufacturing steps is equivalent to a set of simultaneous 
equations whose solution, if linear, is expressible as a matrix of values. Such 
an approach is familiar to economists as input-output analysis; and the appropriate 
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FIG. 12. Uncertainty factors in occupational injury risk fron protected photoroltaic 
technology. The central portion represents factors intrinsic to the technology itself [12]. 

numbers, showing how much each economic activity draws on the others, have 
already been derived, although for aggregate categories this may not exactly 
match the manufacturing steps one wishes to scrutinize for measuring health 
damaEe. The result of this sort of calculation is shown in Fig. Ii for the direct 
and system-wide occupational health risks of renewable energy technologies. 
The figure compares the direct occupational impacts (fatalities) from a variety 
of renewable energy technologies with the total impacts when the entire range 
of supporting activities are included in the impact analysis [6, 10, 11]. 

A final example in our survey assessing the health effects of different energy 
systems is the meaningful inclusion of uncertainty in the estimates. Figure 12 
displays some sources of uncertainty in estimating occupational health effects 
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(in terms of worker-days lost) of photovoltaic energy systems [1 2]. Included 
are estimates of both extrinsic sources of uncertainty (insolation, occupational 
statistics, inverter system) and intrinsic sources (solar cell efficiency, lifetime, 
failure rate, labour requirements). This was based on high, low and expected 
estimates of the various factors in photovoltaic energy systems. The figure 
serves as an example and inevitably cannot include all uncertainty. The 
indicated uncertainty from these sources can modify median base case estimates 
of occupational injury estimates upward by a factor of —3.3 or downward by 

–4.0. If extrinsic sources of uncertainty are eliminated, uncertainty is still 
quite high, -2.2 upward or --2.8 downward. Of the intrinsic sources of 
uncertainty examined, significance increases as follows: failure rate, lifetime, 
efficiency and labour demand. Other sources of uncertainty (e.g. effects of 
exposure to toxic chemicals) are not covered in this figure. 

No single method of comparative risk assessment in the energy industry is 
fully satisfactory by itself; each has its limitations. One needs to compare 
several methods if one is to improve the decision-making base for policy-makers 
and the public. 

In conclusion, energy risk analysis has not yet progressed to where biological 
damage mechanisms are well enough understood, but, by statistical associations, 
degrees of impacts can be estimated. Progress has been made in how to compare 
multiple alternatives for energy generation and use. As these efforts continue, it 
becomes increasingly likely that the fruits of this discipline, entering into the 
public consciousness, will influence decision-makers. 

I appreciate the honour the three agencies have paid me by the opportunity 
to open this historic meeting. As a physician 1 am convinced that one only lives 
once. I hope you will enjoy and profit from this meeting. 
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Abstract 

COMPARATIVE RISKS OF HYDRAULIC, THERMAL AND NUCLEAR WORK IN A 

LARGE ELECTRICAL UTILITY. 
Data is presented on the fatalities and accidents that have occurred in the construction 

and operation of hydraulic, thermal and nuclear generating facilities brought into service and 

operated by Ontario Hydro, a large Canadian utility, in the period 1970 to 1979. Results are 

also given of a prospective cohort epiderniological study of thermal and nuclear station workers 

which was begun in 1974. 

Introduction 

Ontario Hydro Is the electrical utility of the Province of 
Ontario, Canada. It is a publicly owned utility employing 
approximately 28 000 persons in the design, construction and 
operation of electrical generation, transmission and distributiDn 
facilities. As the corporate name implies, electricity generation 
by water power was the only mode of operation for many yea rs, but 
this has changed and power is now produced from nuclear and fossil 

fuel as well as hydraulic sources in about equal quantities. 

In recent years, there has been much interest in the risk 
associated with power generation by various means. This paper 
presents information on occupational fatalities and injuries 
resulting from operation of hydraulic, thermal and nuclear stations 
over the period 1970 to 1979 and similar information for the 
construction of facilities brought into service in that period. 

Power Production and Installed Capacit 

Currently, one-third of the power generated is hydraulic, one-
third fossil and one-third nuclear. This is quite different from 
the contribution from these sources in 1970 when hydraulic 
generation was the major contributor with thermal supplying the 
renai nde r. 
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TABLE 1. STATISTICAL DATA ON CAPACITY, POWER PRODUCED AND 
MANPOWER BY SOURCE 

Power production 	 Net capacity 	 Power pro d uce dL 	 No. of 
mode 	 installed 	 I 970-1979 	 employees 

19701979 	 (GWea) 	 1979 
(MWe) 

Hydraulic 574 41.2 900 

Thermal 8040 310 2125 

Nuclear 7084h 
177 2393 

a Excludes combustion turbines. 
b Includes Pickering NUS B 

Includes power from all sources not Just those in column 2. 

Table I gives the number of employees engaged in each mode of 
power production in 1979, the net power produced from each source 
over the 10-year period 1970 to 1979 and the net capacity ir.stafled 
between 1970 and 1979. In the case of nuclear oenerating stations, 
the number of staff excludes Head Office support staff and 
employees at our heavy-water plants. 

The number of employees in hydraulic generation is an estimate 
as only the very large plants have operators and their cn 
maintenance staff. The number of employees in the nuclear plants 
is currently greater than is necessary for the running of the 
plants by about 10%. The increased numbers are due to training 
needs during a period of rapid and continued expansion of the 
nuclear program. 

Table II gives the period of construction and the number of 
man-years for the Construction of the major the rmal and nuclear 
facilities brought on line in the period 1970 to 1979. 

3. 	Accident Data - Ooerations 

Experience in hydraulic, thenial and nuclear generation is 
given in Table III. The data for hydraulic is not truly 
representative because many of the smafler stations are remotely 
controlled. As such, employees are engaged in both station 
maintenance work and distribution system work. The nuclear and 
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TABLE II. STATISTICAL DATA ON SOME MAJOR FACILITIES BROUGHT 
INTO SERVICE AFTER 1970 

Generatng Facility 	 Net Capacity 	Period of Coostructior NunbOr of Can-years 
(Aile) to Conteutt i 

Picktrilg 	4 	 2064 	 1965 	- 	 1972 1.1 	x 	U) 4  

- Pickerirl9 	[1 	b 	 2064 	 1974 	- 	 198 1.4 	1ll4  

BrocO 	9 	 2960 	 1409 - 1977 1.7 	10 

Lambton 	 19110 	 1965 	- 1970 0.5 	0 	10 4  

Nanticoke 3970 	 1959 	- 1976 1.1 	a 	121 

a Ontario Ilydro construction and contractors. 
A 	Not currently in service 	man-years estimated to completion of project. 

TABLE III. ACCIDENT EXPERIENCE IN OPERA1ION OF GENERATING 
STATIONS 

Accident Classification 	 J 	1970 - 1979 

 Hydraulic 	 Thermal 	 Nuclear 

Number 	 i 	 i 	 None has 	 lane has 
Fatalities 	60.7108 nanFotirs 	 5.2 	 otcoreed 	 occurred 

So.ItWe.a 	 0.024 
Severity Pate 5 	 419 

Permanent 	Nunber 	 Morse has 	 None has 	 None has 
iota] No.7109  machours 	 Occurred 	 occurred 	 occurred 

Disabilities 	No./46e.a 
severity Auto 

Permanent 	Npnbr 	 1 	 1 	 3 
Partial 	No.110 7  ruanhors 	 0.6 	 5.3 	 0.9 

Ditahilities 	NC.IGWe.a 	 0.024 	 0.037 	 0.170 
Severity Rate 	 7.0 	 5.9 	 6.7 

renporary 	Number 	 39 	 242 13 

Total 	 No./106  mar7lrseurt 	 2.4 	 7.1 	 3.4 

Disabilities 	N./4We.o 	 0.92 	 7.8 	 6.4 

Secerity late 	 Not available 	j 	146 	 45 

d  Classified according to ANSI Z16.4 (method of comparison of occupational accidents). 
A Severity Rate is defined as days of work lost per 106  man-hours worked. 
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TABLE IV. ACCIDENT EXPERIENCE IN CONSTRUCTION OF GENERATING 
STATIONS 

ccident Classification Nuclear Thermal 

Fatalities a Number 6 5 
No./108 manhours 9.4 11.5 
No./GWe 	installed 0.85 0.62 
Severity Rate 

565 
687 

Permanent Number none has none has 
Total No./108 manhours occurred occurred 

Disabilities No./GWe 	installed 
Severity Rate 

Permanent Number 2 9 
Partial No.1107 manhours 0.4 3.2 

Disabilities No./GlJe 	installed 0.28 1.1 
Severity Rate 	- 15.8 60.6 

Temporary Number 991 393 
Total No./106 manhours 18.0 14 

Disabilities No,/GWe installed 140 49 
Severity Rate 535 411 

a Fatality data is for both Ontario Hydro and contractor staif. Other data is for Ontario Hydro 

staff ordy. 

thermal station data is of good quality and is fully representative 
because these stations have a relatively constant number of 
empl oyees. 

4. 	Accident Data - Construction 

We have obtained accident data for the construction forces 
that worked on our major facilities brouoht into service during the 
1970 to 1979 period but it should be noted that the data is neither 
as accurate nor as complete as that recorded for operation of 
facilities. This is partly due to the work force being transient 
in nature and also because of the considerable number of 
contractors who work on construction projects. 

Combined fatality statistics for contractors and Ontario Hydro 
staff are given in Table IV and cover the periods when the projects 
were under Construction. 
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TABLE V. ONTARIO FIYDRO STANDARDIZED MORTALITY RATIO 

Nucicar Thermal Other Total 

All causes 	 54 73 84 83 

Neoplasms 119 91 92 

cancers) 

Circulation 	 (36) 69 93 91 

(heart, stroke) 

Accidents 	 82 51 74 73 

(occupational and 
non-occupational) 

All other causes 	 11 52 55 54 

NOTE: Observed deaths expressed as a percentage of predicted deaths (based on cumulative 

experience 1970-1979). 
a Parentheses indicate results based on less than ten observed deaths, 

Injury statistics are not available for contractors and are 
based on Ontario Hydro employees only. As such, the statistics 
have been significantly influenced by vi gorous safety management on 
the part of Ontario Hydro project managers. If contractor injuries 
were taken into account, the results would be increased 
approximately by a factor of three. 

5. 	Health Effects - Operations 

In addition to information on accidents, information is 
available from an epideniiologica) study of employees and 
pensioners. Begun in 1974 as a prospective cohort study, it was 
made retrospective to 1970. The data analysis and biennial 
publication of results is by an independent consultant (Professor 
Terence W. Anderson, University of British Columbia). The 
comparison groups in the study are Thermal Generation Division 
employees, Nuclear Generation Division employees, other employees 
of Ontario Hydro, and the general population of the Province of 
Ontario. Hydraulic plant employees are encompassed in the "other 
employees" category. Construction staff, because of their transient 
nature, are generally not included in this study, apart from a few 
who are regular staff. A sumary of the deaths in these categories 
is given in Table V. 
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TABLE VI. FATAL ACCIDENT RATES (No./IM TM  mail-hours) 1970-1979 

Ontario Hydro Hydraolic Thermal Jclear 
Cermpratirmmm Elatts Plints Plants 
Stations 

6.2 0 0 

Ciriamlian Ilirmitoba Ontario British 	tolmmrirlia New Brurswick 
Utilities Hydro uycfro dydro Electric Power 

Cotumisnio 

4.8 9.9 10.8 11.5 

Amnericimm Bia9ara Mohawk Tennessee C€trcit 	Edinr1 Virginia 	Electric 
Utilities Power torppration Valley 4thOrity Coopary and Pwer tonipamiy 

1.9 4.7 6.0 Ii.? 

#mnerican Trade 11annfacturig Agrictltnrn Mining 	Qoarryirig 
I ndUntries 
oyerall 	= 	7.7) 3.2 

Foresters 

4.4 

Mechanics 

29.2 

Electricians 

36.9 

Lirmemimen 	& 	GrcndOeO Ontario hydrc 
Major Work Groups 

9.7 13.5 15.4 53.6 

6. 	Discussion of Results 

6.1. Accidental Fatalities and Injuries - Operations 

The fatality risk in the three categories: hydraulic, thermal 
and nuclear generation, is low and compares favourably with other 
major work groups in Ontario Hydro,with Canadian[l] and 
American[2] Utilities and with industry in North Arnerica[3J. 
This is shown in Table VI. 

Only hydraulic generation had a fatality in the ten-year 
period. Thermal generation had no fatalities anng Ontario Hydro 
employees, although they had one fatality - a contractors employee 
who was killed during maintenance work in 1976. This fatality is 
not included in Table III as contractor hours during operation are 
few and are not recorded. 

6.2. Accidental Fatalities and Injuries .- Construction 

The fatal accident rate for construction of the major 
facilities which were brought into service in the period from 1970 
on occurred mainly arrcng contractor employees. The results are 
shown in Table IV. Dataarenot available for the limited hydraulic 
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station construction after 1970 but this should not be dissimilar 
to experience with nuclear stations on a per-manhour basis. 

The fatal accident rate is low in comparison with the fatal 
accident rate in U.S. construction,which is 31.5 per 108 
manhours[3] and is about the same value as the fatal accident 
rate for construction in Ontario generally [4] 

6.3. Delayed Effect Risk 1970 - 1979 

There were 1656 deaths among Ontario Hydro employees  and 
pensioners with the great majority being pensioners. 

The conclusions that we can draw from our epideniiological data 
results are limited by the length of the exposure time - 30 years 
for thermal and 19 years for nuclear - too brief for most of the 
nuclear employees to show ill effects because the majority of 
radiation exposure has occurred only since 1969. In fact, the 
number of deaths in the nuclear employee group is quite lc, with 
correspondingly high statistical uncertainty. 

Deaths due to cancer among nuclear-plant employees have been 
fewer than predicted on the basis of experience with the general 
Ontario population of the same age and sex ratio. We have only 
recorded 6 fatalities compared to a predicted number of 9.7 
(Standardized Mortality Ratio (Sfr) = 62%). Over the past ten 
years, the total number of deaths among nuclear employees (32) has 
been about half of what would be expected (58.9) among Ontario 
males of the same age distribution. This veiy favourable 
experience is due in large part to the 'healthy worker effect" 
particularly noticeable in young employee groups. Also important 
is the fact that radiation exposures have been kept low to date, 
with only four employees in the occupational lifetime exposure 
category of more than U.S Sv. The total population dose to the end 

of 1979 is 265 man-Sv. 

Thermal plant workers have also had a relatively good 
mortality experience over the past ten years although the "healthy 
worker effect" is not as striking because of their somewhat older 
age distribution. The S4R for cancers is slightly elevated in the 
thermal group and although this may be the result of small number 
variation (observed 23, predicted 19.3) there is also the 
possibility that it reflects exposure to substances such as 
asbestos in earlier years. This is presently under investigation. 

7. 	Conclusion 

Results to date in Ontario Rydro show that the risks to 
employees of generating electricity by hydraulic, thermal or 
nuclear means are similar and are low in comparison with general 
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industrial experience in North America. Exposure to radiation has 
not resulted in an elevated Standard Mortality Ratio but this may 
change when sufficient time has elapsed for full expression of 
delayed effects and when the number of fatalities are larger and 
less subject to statistical fluctuation. 

Fatalities during construction are similar on a per-manhour 
basis for each power production mode. 
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DISCUSSION 

Y. NISHIWAKI: It is very important to collect data on occupational hazards 
in order to assess the overall risks associated with hydro, thermal and nuclear 
electricity generation. What is the ratio of fatalities to total investment in the 
capital construction of these systems of electricity production? 

T.R. HAMILTON: Six fatalities occurred during the construction of nuclear 
plants involving an investment of approximately US $2.5 X 109 , giving a ratio 
of about US $4 X 10 per fatality. In the case of thermal plants, there were 
five construction fatalities during expenditure of approximately US $1.6 X iO, 

or about US $3 X 108  per fatality. 
I.M. TORRENS: Do you consider the statistics you have given for Ontario 

Elydro as in some way representative of utilities in North America. and have any 
comparisons been made with similar data from other utilities? 

T.R. IIAMILTON: Comparisons are made with occupational accident 
experience of utilities in North America on the basis of ANSI. However, other 
utilities in North America have not performed epidemiological studies and hence 
have no estimates for the delayed risk. Another difficulty in comparing Ontario 
Hydro with other North American utilities is that most of the latter are small, 
generate power usually only by one mode, do not carry out their own construction 
work and largely distribute the power they generate directly to customers. Ontario 
Hydro, however, operates on a wholesale basis, transmitting the electricity it 
generates to about 500 distribution utilities and large industrial customers. 

C.E. ALMEIDA: Did you encounter any cases of occupational overexposure 
which could have given rise to a delayed effect? If so, how would you fit these 
into the present risk analysis? 
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T.R. HAMILTON: In the twenty years since our first nuclear station started 
operation, there have only been a few exposures in excess of the statutory annual 
dose limit of 50 mSv. The highest of these was a single dose of about 80 mSv. 
These exposures exceeding the limits have no more significance in terms of delayed 
effects than the doses received in normal operation. The latter are on average about 
6 mSv per year and can be fitted into the present risk analysis either by using a fatal 

risk factor of about I 0 2 1SV or by reference to the results of our epidemiological 

study given in the paper. 
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Abstract 

SPATIO!TFMPORAL ANALYSES OF HUMAN BIRTH WEIGI-IT: AN INDICATOR OF 

SUBTLE ENVIRONMENTAL STRESS? 
Analysis of variance (ANOVA) of birth weights in the Chicago area (1970 1972) and a 

502 sample of all US births (1970 .) showed trends in mean birth weight that were similar to 

those reported in the literature and consistent temporally and spatially among the groups studied. 

Mother's age, parity, location, sex, and the interaction of mother's age and parity are the major 

determinants of mean birth weight. A second ANOVA with month of birth, location and sex also 

shows strong main effects and little interaction. Although the major determinants are of little 

predictive value for an individual birth weight, their highly consistent effects on the population 

mean suggested that the study of population mean birth weight might be useful in idcntify:ng 

subtle effects such as those of envirunmental pollution. To test this hypothesis, Niagara County, 

New York, was compared with four surrounding counties and with a group of nine other New 

York countics selected by cluster analysis to be similar on a set of demographic and socio-

economic attributes. In both cases, mean birth weight in Niagara Cotinty was significantly 

less than other counties in the comparison. These results suggest that population mean birth 

weight may be a sensitive indicator of environmental stress. 

INTRDDUCT1ONI 

The present study examines the utility of birth weight 
records as a data base from which the health status of human 
populations may be monitored. These data are attractive for a 
number of reasons. First, birth weight trends are of interest 
from a public health standpoint because birth weight is perhaps 
the nost important conditioning factor for infant survival [1-31 
and an indicator of future growth and development [4]. Birth 
weight also offers a number of practical advantages as compared to 
more commonly employed barometers of population health status such 

* Work supported by US Department of Energy under Contract No. W-31-

109- eng-38. 
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as cause of death or life expectancy. These variables are the pro-
duct of personal habits, occupation and environmental exposure to 
toxic agents interacting over a long period of time [5]. Thus, 
the extent to which trends in such variables reflect the present 
environment is problematical. Mortality measures are also affect-
ed by errors in the ascertainment of cause of death [6,7]. Com-
paratively, the birth weight is a simple determination. 

There is also a substantial literature that suggests birth 
weight is responsive to a number of intrinsic and extrinsic envi-
ronmental factors. These include mother's age [8-11], parity 
[8-13], prepregnant weight [12,14-16], child's race and sex [4, 
10,15-181, maternal smoking and chronic alcoholism (both of which 
can reduce birth weight) [19-21], and the level of maternal health 
care or standard of living [9,22,23]. Of particular importance to 
the use of birth weight as an environmental monitor is the fact 
that it appears to be responsive to environmental stresses such as 
air pollution [24-27]. 

Finally, from a practical standpoint, birth weight data are 
routinely collected and are readily available in computer-readable 
form. 

Two questions are of central importance to the possibility of 
using birth weight as a health status monitor. First, can one 
discern consistent effects of known influencing factors, such as 
maternal age, while controlling for only a small number of other 
influencing factors? This is of importance because standard birth 
certificates provide only a limited number of collateral variables 
in addition to weight. If "known' effects are obscured by noise 
from unknown sources, the effects of environmental stress may 
likewise be obscured. Second, if known effects are discernable, 
do known stressed populations show predictable patterns of depressed 
birth weight? 

MATERIALS AND METHODS 

The question of whether known influencing factors can be con-
sistently delineated was addressed in the first part of this study 1  
in which the effects of several major determinants of mean birth 
weight were assessed in two separate data sets which were avail-
able for an overlapping time period. One, provided by the Illi-
nois Department of Public Health, was a three-year compilation 
(1970-1972) of all births in the six-county (Cook, DuPage, Kane, 
Lake, McHenry and Will) Chicago Standard Metropolitan Statistical 
Area (SMSA). The second set of data, obtained from the National 
Center for Health Statistics, was a sample of 50 percent of all 
U.S. births in 1970 (termed Detailed Natality Data). Both series 
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(Chicago SN1SA and Total U.S.) included records of birth weight, 
place of birth, age of mother, parity, and child's sex and race 
and limited information on the mother's prenatal medical history. 
Both data sets are compiled routinely from information collected 
by the states. In the case of the Detailed Natality Data, the in-
formation from all states is collated by the National Center for 
Health Statistics, using only every other record received from 
each site, hence a 50 percent sample. Multiple births were ex-
cluded from the Chicago SMSA, but not the total U.S. data, because 
federal coding procedures in 1970 did not permit their identifica-
tion. However, multiple births account for less than two percent 
of all births [17] and examination of the Chicago SMSA data for the 
effects of multiple births demonstrated the minor influence of 
these births on the overall population measure. Only births to 
white mothers were considered. In both sets of data, births to 
foreign residents (< one percent of the data) and records with 
invalid or unknown birth weight (< one percent of the data), age 
of mother, or birth order (parity) were eliminated from the analy -
ses. Nevertheless, approximately 1.5 million records (791 508 
males and 747 594 females) were included in the Total U.S. group 
and nearly 255 000 records (131 082 males and 123 694 females) in 
the Chicago SMSA group. 

Our first analysis of these data considered two of the most 
readily available, frequently studied, and influential factors 
affecting birth weight age of mother and parity [11,14,19,28]. 
All comparisons are for white births grouped by sex and location. 
Statistical analyses were performed using the procedure for the 
analysis of variance from the Biomedical Computer Programs [29] 
and the general linear model program from the Statistical Analysis 
System [30]. Grouping variables for the analysis of variance 
(ANOVA) were mother's age in years (15-19; 20-24; 25-29; 30-34; 
35-39; 40-45), sex of child (male; female), parity (1; 2; 3; 4; 5; 
6+), and location (Chicago SMSA; Total U.S.). An additional tem-
poral comparison was conducted for month of birth (1 through 12). 

Part two of our study made an evaluation of whether stressed 
populations display low mean birth weights. This portion compared 
Niagara County, New York, site of an extensive chemical industry 
[31] and numerous chemical dump sites, including Love Canal [32, 
with (a) four surrounding counties (Table lilA) and (b) a group of 
nine other socioeconomically and demographically similar New York 
counties (Table 1118). The second comparison was made to control 
for other possible influencing factors as described in the intro-
duction. In it, selection of counties was made from all New York 
counties using a single linkage cluster analysis procedure from 
the BMDP-79 statistical package [33]. Characteristics upon which 
the clusters were derived included: proportion of the population 
receiving aid to dependent children, proportion of singlefamily 
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houses, proportion of families earning less than $3000, population 
per square mile, median dollar value of single housing units, per-
capita dollar expenditures, proportion of men 15-65 years old em-
ployed in professional or administrative positions, proportion of 
men 15-65 years old employed in agriculture (farmers and farm 
laborers), and the average month when prenatal care began for 
first and second births to mothers 21-30, in 1971. 

In both comparisons, males and females were considered sepa-
rately because the former are known to be heavier. Statistical 
analyses were performed using a variant of Friedman's rank sum 
test on randomized blocks [341. Rank tests were employed because 
of their insensitivity to outliers and heterogeneity of within-
group variance. For this comparison, within-sex mean county birth 
weights for each of four contiguous two-year periods from 1968 to 
1975 were calculated. To minimize confounding influences, all 
were based on only first and second births for white mothers aged 
21 to 30. Because two sexes and two sets of control Counties were 
involved, a total of four analyses were performed. In each analy-
sis, mean weights were rank-ordered within each two-year period 
and ranks were summed across periods. Our procedure tested a null 
hypothesis that the rank of Niagara County was assigned at random 
within time periods versus an alternative hypothesis that Niagara 
County had lower rankings than would be expected at random. The 
cumulative density function for this rank suni test was calculated 
using a simple BASIC program written by the second author. 

The same rank sum test was also used to examine the possi-
bility that sex ratio might be skewed in favor of females in 
Niagara County relative to the control. This examination was 
motivated by observations of other workers which suggest that 
males are subject to higher in utero mortality and are in general 
more sensitive to environmental insult than females [35,36]. 

RESULTS 

The trends found in mean birth weight with mother's age and 
parity, categorized by sex and location are presented in Figure 1. 
Females are generally lighter than males and Chicago infants are 
lighter than those in the corresponding Total U.S. group. It 
appears that,despite the large effects of sex and location on mean 
birth weight, the pattern of variation with mother's age and parity 
is similar in all four groups (Figure 1, A-D). This conclusion 
is supported by the four-way factorial analysis of variance [37] 
of these data. Given the very large sample sizes involved, conven-
tional tests of significance are uninformative, because even very 
small effects will tend to be significant [38]. However, the 
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partitioning of the sums of squares and the resulting mean squares 
provide insight as to the relative importance of the independent 
variables and their interactions. The ANOVA verifies that sex, 
location, mother's age, parity, and the interactions of mother's 
age and parity show substantial effects. However, the interaction 
of sex and/or location with mother's age and/or parity accounts 
for less than 2% of the variation in niean birth weight. The find-
ing of the nonsignificance of the interaction terms (Table I) is 
particularly noteworthy, given the sample size of nearly two mil-
lion observations. 

6+ 
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TABLE I. ANALYSIS OF VARIANCE (ANOVA) OF WIIIFE BIRfil WEIGhTS 

(Grouping rariabic.c are: moE/ten age 15 19, 20 24, 25 29, 30 34 .35 39 and 40-45); 
(tarifF (1, 2, 3, 4, Sand 6+; location (Chicago .V11371, 1970--1972, or US:1, 1970); and sex 
(male or fimale); R 2  = () 02 

Degrees 
of 2 Total 
Freedom Sum of Squares among Groups 

5 2076.1473 0.210 

5 714.0530 0.072 

1 1136.0427 0.115 

1 5123.0473 0.519 

25 686.5024 0.070 

S 31.2801 0.003 

5 27.1362 0.003 

5 13.9175 0.001 

5 19.4389 0.002 

1 3.5465 0.000 

25 13.8339 0.001 

25 12.5166 0.091 

5 1.7498 0.000 

Source of Variation 

Mothers Age 

Parity 

Location 

4, Sex 

Mother's Age x Parity 

Mother's Age x Locatior 

Mother's Age x Sex 

Parity x Location 

Parity x Sex 

Sex x location 

Mother's Age x 
Parity x Location 

Siother's Age x 
Parity x Sex 

13, Mother's Age x 
Location x Sex 

Parity x Location 
x Sex 

Mother's Age x Parity 
x Location x Sex 

a 

25 

Total among Groups 	228 

Error 	 1741350 

F Ratio 

1566.90 

338.91 

428695 

19332. 25 

103. 62 

23.61 

20.48 

10.53 

14.67 

13.38 

2.09 

1.93 

1 .32± 

	

1.8122 
	

0.000 	 1.37 

	

6. 9171 
	

0.001 	
1.04t 

	

9868.2715 
	

163.33 

461399.2272 

Not significant (p> 0.05), 



IAEA-SM-254/39 	 39 

3370 

3360 	- 

3350 	- 

3340 	- 

3330 	- 

3260 

3250 L 
FEMALES 

3240 
Cfl 

3230 

0 11 	 I 	ILL! 	I 	I 

J F 	MA 	M 	J 	JASON 	0 
I- 

3290 1 i 	11 	I 	1 	I 	I 	I 	I 	I 	I 
1J 

3260 B 

3270 	- 

/MALES 

3260 	- 

3170 	- 
FEMALES 

3 160 

3150 	- 

3140 	- 

J FM 	AM 	J 	JASON 	0 

MONTH 

F!G.2. (A) Mean birth weight for US whites, 1970, by month of birth and sex; IRj mear 

birth weight for Chicago SMSA whites, 1970-1972, by month of birth and sex. 

Figure 2 illustrates trends in mean birth weight by sex and 
location over the year. This figure shows that infants born in 
late spring or early summer are heaviest, whereas those born in 
mid to late summer are lightest. Table II, an analysis of this 
figure, has as its grouping variables sex, location and month of 
birth. The separation of factors into a four-way and a three-way 
ANOVA rather than one five-way ANOVA is dictated by the fact that 
the very large number of cells in the latter (6 x 6 x 2 x 2 x 12 = 
1728) would have resulted in empty cells, rendering model estima-
tion difficult [39]. Again, we find relatively large main effects 
but little evidence of any major inconsistencies of mean birth 
weight trends with either sex or location. 

Results of the comparison of Niagara County with surrounding 
counties and to selected controls are presented in Tables III to V. 
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TABLE II, ANALYSES OF VARIANCE (ANOVA) OF WHITE BIRTH WEIGHTS 

(Grouping variables are month of birth (Jan. DecJ; location ((7?icago SMS4. 1970 1972, 
or US'A. 1970). and sex (male orfenalc); 112  0 015 ) 

Degrees 
of 7 Total 

Source of Variation Freedom Sum of Squares among Groups F Ratio 

 Month 11 80.3952 0.312 27.43 

 Location 1 1395.1033 0.202 5236.87 

 Sex 1 5430.3577 0.785 20384.23 

 Month x Location 11 1.7527 0.000 0.60 

 Month x Sex 11 33336 0.001 1.13 

 Location x Sex 1 1.4358 0.000 5,39 

7 onth x Location x 11 1.5308 0.000 
Sex 

8. Total among Groups 47 6913.9181 552.19 

Error 	 1761515 469183.6076 

>005. 

Table UI, Part A,presents the results of a rank sum test for 
Niagara versus neighboring counties. It is apparent that Niagara 
County mean birth weight is significantly lighter than expected 
for males and somewhat lighter, though not significantly so, for 
females. Table III, Part B, shows that Niagara County males are 
significantly lighter than the control population, but the Niagara 
County females are not, Nonetheless, for both comparisons the 
females are near significance (P 	0.10) and, taken overall, Niagara 
County shows significantly low birth weights. 

Given that Table III suggests a differential response in 
males versus females, one might suppose that consideration of sex 
ratio may be informative. However,Table IV shows that this is not 
the case. A trend in sex ratio among counties is not even weakly 
suggested by our data. 
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3 5131 0 III. RANK SUMS FOR (OLN IY-LI - 5 IlL MEAN I3IRT}I 41003111. TWO YEAR PORIODS. 

668 	1979 NI W YORK. WHITES BY SEX 

I 	C um/ trnun of \Iagara (bsnrv with Fr/log 1 	Hill a 

Males Females 

County Rank by Year Rank Rank ha Year Rank 

Name 68 69 	70-71 	72-73 74-71 Sum 51 68 	69 	70 71 	72-73 74-75 Sum P 

Erie 2 	2 	2 1 7 .056 3 	1 	1 2 7 046 

GeneseS 5 	5 	5 a 20 1.000 4 	4 	4 4 16 .914 

2iaarr 1 	1 	1 2 5 .008 2 	3 	2 1 8 .112 

Orleane 3 	4 	5 3 13 .696 1 	2 	5 3 11 .432 

WvdnI1W 4 	3 	4 4 15 .868 5 	5 	3 5 18 .942 

C ouqae ao ol \lsgars (10001 1 

Males 

County 	 Rank by Year 

Name 	68-69 	70-71 72-73 

Proorre. 	9 	7 	9 

ErSe 	 3 	3 	3 

Monroe 	4 	6 	5 

Niagara 	1 	2 	1 

Oneida 	2 	4 	4 

Onondaga 	8 	5 	6 

ieiioseiaer 10 	10 	IC) 

Saratoga 	8 	1 	2 

S chenee ad, 5 	8 	7 

Tompkins 	7 	8 	8 

/111 	 a lm 

Snk 
74-75 Sum 	prI 

	

5 	30 	.9285 

	

2 	11 	.0330 

	

1 	16 	.1760 

	

4 	7) 	.0070 

	

3 	13 	.0715 

	

9 	I 	.7760 

	

6 	36 	.9965 

	

8 	19 	.7372 

	

7 	28 	.8655 

	

10 	33 	.979))  

1 II - ('1 1)1(00 Ca/Il' 1(11(1 

Fenales 
Rank by Year 

68-69 70-71 72-73 

9 	10 	8 

3 	2 	3 

4 	1 	1 

2 	4 	6 

1 	5 	2 

6 	8 	9 

5 	•l 	7 

6 	9 	3 

7 	6 	4 

10 	7 	10  

11 (011001.1 

Rank 
74-75 Starr 	, 

8 	35 	9930 

4 	10 .0210 

3 	11 	.0330 

2 	14 	.0797 

5 	13 .0715 

9 	32 	. 9871 

3 	58 .2780 

7 	27 	.821 

6 	23 	.599' 

10 	37 	9951 

ii 	-a Liii a, (ma) 	r and) .'r ha i U(a 	h,i'ri,_LI. gild n Tjridoin,L'siiIL'ilt ,I rink, 

DISCUSSION 

The first part of our analysis differs from those of earlier 
workers in that it confirms the consistency of the effects of 
three major determinants across four data sets (two locations and 
sexes) by statistical analysis, whereas previously [8,11] they had 
been inferred from simple tabular representation of the data. The 
first part also differs from previous studies in that it uses 
ANOVA methodology to examine population trends as opposed to 
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TABLE IV. RANK SUMS FOR COUNTY-LEVEL WHITE SEX RATIOS AT 
BIRT}-L TWO-YEAR PERIODS, 1968 1975.NEW YORK 

A. Comparison o/'Ai.agara C'ountt with surrounding counties 

County Name 
6869 

Rank 
70-71 72-73 74-75 

Rank 
Sum 

Eric 2 3 3 3 11 .432 

Genese 1 5 1 1 S .112 
Niagara 3 2 4 2 11 .432 
Orleans 4 4 2 1 11 .432 
1yoming 4 1 5 4 14 .805 

B. 	Comparison of Niagara Count.V with demoraphicallv and socio-economicall 
similar cowi ties 

County Name Rank Rank 
68-69 70-71 72-73 74-75 Sum  

Nroome 6 4 3 5 18 .2780 
Erie 3 6 3 6 18 .2780 
Ionroe. 4 8 5 5 22 .5335 
Niagara 5 5 4 2 16 .1760 
Oneida 6 7 2 7 22 .5335 
Onondaga 1 7 4 1 13 .0715 
Rensselaer 7 3 6 3 19 .3372 
Saratoga 2 I 1 2 6 .0015 
Schenectady 5 2 3 4 14 .0997 
Tompkins 8 5 2 7 22 .5335 

Probability of a rank sum as small or smaller than that observed, given random assignment of 

ranks. 

regression methods aimed at prediction of individual birth weights 
[40,41]. For the independent variables considered here, fitting 
regression models is inappropriate because of the collinearity 
which is necessarily present in the dependent variables (e.g. 
parity tends to increase with maternal age) and because the effect 
of the independent variables on birth weight is nonlinear. These 
difficulties render regression coefficients unstable in that they 
are sensitive to the addition or deletion of variables or even 
data points in the model[42-44]. Further, if we calculate R, 
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which is a measure of the predictive power of a linear model for 
an individual observation [451 and the focus of regression, we ob-
tain values of 0.02 for the analysis presented in Table I and 
0.015 for the analysis presented in Table Ii, indicating that our 
model has little predictive value for the weight of an individual. 

If, on the other hand, discrete effects on sample means are 
considered, which is the view taken in ANOVA, the standard error 
of the saniple mean, °, is given by 

= 
x 

where N is the sample size from which the mean is determined and 
is the population standard deviation. Thus, in large samples such 
as those used here, the population mean and small effects on it 
can be estimated with negligible error. 

The demonstration of a clear interaction between mother's age 
and parity, as well as the individual effect of each, in the deter-
ruination of mean birth weight has not been previously reported. 
More importantly, we have shown that there is little interaction 
of the effect of mother's age or parity with either sex or loca-
tion. Taken together, all the interactions of mother's age and/or 
parity with sex and/or location (Table I, lines 6-9, 11-15) ac-
count for less than two percent of the among-group sum of squares 
(Table I, line 16). This lack of interaction demonstrates that ef-
fects of mother's age and parity are quite consistent across the 
four populations (two sexes, two locations). A separate evalua-
tion of seasonality confirms the insignificance of the interaction 
terms (Table TI, lines 4-7) and the fact that they account for 
less than one percent of the among-group sum of squares (Table II, 
line 8). Again, despite the independent variables' low predictive 
value for an individual birth weight, their consistent effect at 
the population level is unmistakable, making population means pre-
dictable. Thus, the first part of the analysis affirmatively 
answers the initial question in the development of a health status 
evaluation methodology. Consistent effects on birth weight are 
seen with two major influencing factors while controlling for only 
a few additional factors. 

The first part of our analysis also reflects the known differ-
ence in mean birth weight between sexes and, as stated earlier, 
the second part of our analysis suggests a differential response 
of males versus females in both comparisons. These points, in 
addition to the fact that the male fetus has a higher level of 
intrauterine mortality [35], indicate that the sexes may react dif-
ferently to the environment. Studies that consider only combined 
male-female birth weight [11,12,461 may therefore be discarding 
useful information. 
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Our analyses of Niagara County versus two groups of control 
counties also suggest that county mean birth weights do indeed re-
flect subtle environmental stresses. Though urban-rural differ-
ences [251 might be a partial underlying factor in the comparison 
of Niagara to surrounding counties, they are eliminated in the 
selection of control counties for the second analysis, and the two 
gave very similar results. Using a log-likelihood approach to com-
bining the results of the four pairwise comparisons [47]. we obtain 
a chi square of 38.57 on 8 degrees of freedom (P < 0.001), which 
demonstrates that, overall, Niagara County mean birth weight is 
significantly lighter than the controls. While the interpretation 
of this difference as the result of a particular stress is problem-
atical, Niagara County is the only New York county of those con-
sidered that has a substantial organic/inorganic chemical industry 
(Table V) and in addition contains a substantial number of chemi-
cal dump sites [321. 

The necessity 	for caution when interpreting these results 
is reinforced by the fact that the differences in mean birth 
weight are generally less than 100 grams (Table VI). Further, the 
differential response of the sexes suggested in Table III is not 
evident in the analysis of sex ratios (i.e. we have no evidence 
of differential intrauterine mortality). Nonetheless, we have 
shown that trends in birth weight with known influencing factors 
are consistent and can be discerned with a minimum of adjustment 
for other variables. Further, a presumptively stressed population 
was shown to have significantly lighter birth weights than either 
surrounding counties or a systematically chosen group of controls. 
These results suggest that further studies of birth weight and 
other birth record data, such as gestational age or Apgar score 
[48], may yield indicators of population stress from environnien-
tal pollution. 
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DISCUSSION 

L.D. HAMILTON ((hatrinan): Is the exposure period necessarily limited 
to the nine months in utero? Is it not possible that pre-conception exposure 
could affect body weight? If so, this would be an excellent index to use in areas 
liable to be affected by uranium mining. 

M.E. GJNEVAN: Pre-eonc.cption exposure could influence birth weight, 
possibly through an existing body burden. For some contaminants -- for example 
radium, a calcium analogue which we are currently examining in a different 
context - one might expect to have a historical body burden which actually 
contributes to the exposure of the foctus. Such exposure would be a useful index 
in the case you mention as well as in a number of other situations where popula-
tions have been recently introduced. There is a great deal of potential in this 
approach because of the complete independence of the data from year to year. 
The births occurring now are not necessarily related to those which occurred two 
years ago, a fact which is not generally true of mortality statistics. 

M. EL DESOUKY: In your study you corrected for the age and parity of the 
mother. Do you not think that other variables relating to the mother, such as 
nutritional status and body weight, should also be taken into consideration? 

M.E. GINEVAN: The purpose of our research is to examine the shift in the 
population mean in the case of reasonable populations of, say, several thousand. 
We believe that it is possible to obtain significant information without having to 
correct for a lot of the ancillary variables for which good information is often 
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not available - one certainly does not have information on nutritional status, 
for instance. Information on the weight of the mother can sometimes be obtained 
but birth certificates are by no means uniform in providing such data. Since a 
great deal of data will be missing, it will therefore be very difficult to correct for 
these factors. 

K. SUNDARAM: Did you also analyse for premature births in this population? 
If you feel that birth weight is a determining factor one would have thought that 
it would also be useful to Consider the incidence of premature births or reduced 
gestational period. 

M.E. GINEVAN: We have not yet analysed that part of the data, but I would 
agree with you that the most desirable analysis would be, at the very least, the 
bivanant one of gestational age and birth weight. Fortunately, US birth certificates 
contain this information for a very large number of births. In addition, since 1978 
we have also had the Apgar score, which is a general measure of the infant's 
condition at the time of birth based on several criteria. The birth record may 
therefore ultimately provide two if not three useful pieces of information. I would 
agree that it would be of great interest to consider the gestational age because that 

information is available for every infant. Premature births, however, would be a 
less useful index since they concern a much smaller proportion of the population. 

S.R. BOZZO: Was there a correction in your analysis for changes in medical 
attitudes to the weight gain of mothers during pregnancy? 

M.E. GINEVAN: That was one of the reasons why our analyses were 
stratified across time. We were aware of a secular trend in the data and for that 
reason it was important to choose an analysis which could be plotted against time. 
We ranked our data within time periods and summed the ranks across time periods 
with the result that most of the secular trend in the data has been eliminated. 

P. METALLI: The distribution of weight at birth is usually skewed, with a 
rather consistent and appreciable tail to the left consisting of babies who are 
considered underweight. Was this the case in your observations? If so, did you 
apply any correction factor or cut-off limit to the distributions before carrying 
out your analyses? 

M.E. GINEVAN: Our distribution was skewed, but we did not apply any 
correction factor because in the analysis of variants we were mainly interested in 
obtaining the partitioning of variants to determine whether large interaction terms 
were present, and for that purpose it is not particularly important whether the data 
are skewed or not. For the purposes of hypothesis testing, however, it is important 
because an inflated mean square will result. In our analyses of comparisons of 
counties, this problem was averted as the rank test made no assumptions 
whatsoever about the data distribution. 
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Abstract 

MORTALITY AND POLLUTION: ERROR ANALYSIS FOR A CROSS-SECTIONAL STUDY. 
An error analysis is given for a cross-sectional study of the effects of air pollution on 

death rates for 57 towns in the United Kingdom. Smoke and SO 2  concentrations and figures 

for past levels of domestic coal consumption are used as indices of air pollution while socio-
economic level, latitude, water calcium content and rainfall are used as control variables 
in a multiple regression analysis. There are two broad categories of error in the results. First, 
statistical fluctuations in numbers of deaths, uncertainties in population age distribution, 
lack of information on smoking habits, and uncertainties in pollution levels lead (among 
other factors) to a random scatter in the estimate of effects attributed to air pollution. 
this limits the precision and sensitivity of the analysis. Second, an inadequate choice of 
control variables can lead to a systematic bias in the air pollution term. In particular, the 
results vary widely according to the degree of detail of the representation of the socio-ecoriomtc 
variables which have a strong effect on death rates. This source of bias leads to uncertainties 
over and above those allowed for in the usual calculation of confidence limits. Together 
these two categories of error severely limit the usefulness of cross-sectional regression analysis 
as a tool for assessing the health effects of low levels of air pollution. 

I.. 	INTRODUCTION 

One component of analyses of the risks or cost -
benefits of energy supply systems is an assumed relationship 
between air pollution and human health and,in particular, 
death rates. This may provide the dominant contribution to the 
assessed risk (1) . The dose-response relationship may be taken 
either from time series analysis of a sequence of daily death 
totals or from cross-sectional analysis of death rates and 
pollution levels in different geographical areas (see for 
example Lave and Seskin (2)). For time series calculations, 
the sensitivity of the conclusions to the assumptions made in 
the analysis has been demonstrated by Buechley (3) and 
Schimmel (4), 

This paper aims to give an error analysis for the 
cross-sectional method. It assesses the effect on the 

51 



52 	 PICKLES 

0) 
0) 

. 	. 

0.0n 

cdc 	 dccc 

0) 

coccN 	0 0 	 Cl qc' 
III 	I 	 II! 

0) 
LU 

• 	- .0 	0) 	0) .0 	.0 	V .0 	 0) 	0) 

- ccz 

z 

0 
(1] 

LU 

odo 0 6 dod ddd 

o 
LU 

H ' 
z 
LU 

• 	0 1- 'ol- r'o r)0n_. CCC/0'0 C'ON 

OFJ 
U-)  

• . 
lu 

5 .2 
- - 

N N ' 	N N 

c 
I • 

Ln 

.0 .0 Lf' 	 .0 04 	JO JO JO 

0) 0) 	1) 

—n-C 73 
• . 



IAEA-SM-254/11 	 53 

precision and robustness of the conclusions of statistical 
variability in the mortality data, errors in the estimates of 
pollution level, and uncertainties in the treatment of 
confounding variables, especially socic-economic factors. Data 
for death rates and for British Standard (BS) smoke and SO2 
level around 1971, in the 57 U.K. county boroughs considered 
by Gardner, Crawford and Morris (5), are used to give 
illustrative calculations of these components of statistical 
scatter and/or bias in the calculated air-pollution effects. 

2. 	CROSS-SECTIONAL CALCULATIONS 

The main analyses were done using multiple linear 
regression, and it is convenient to deal with certain 'baseline' 
regressions whose sensitivity to various changes can then be 
explored. For this purpose the dependent variables (1969-1973 
death rates for men and women in the 45-64 and 65-74 age groups, 
from all causes and from bronchitis alone) were considered in 
relation to the five environmental variables selected by 
Gardner et al. (5) in their analysis of death rates around 1951 
and 1961. These were air pollution, latitude, rainfall, water 
calcium and a composite social factor score calculated by 
Gardner et al. from a principal component analysis of nine 
primary socio-economic variables. The main index of air 
pollution used was the 1970/71 winter average SO 2  concentration 
(6), though some calculations were done with BS smoke measure-
ments and with Daly's 1952 domestic coal consumption index (7), 
which gives a measure of pollution patterns prior to the U.K. 
Clean Air Act of 1956. Further details are given elsewhere 
(5,8). 

Table I shows the regression coefficients in some of 
the 'baseline' regressions for 1971. For example, for male 
death rates from all causes in the 45-64 age group 

4ortality = 4.98 + 0.09 x  winter 50 7  concentration 
* 0.44 x  social factor index 
+ 0.26 x  latitude - 0.23 X  water calcium 
* 0.17 x  rainfall 

(multiple correlation coefficient R = 0.88, 
R2  = 0.78) 

All coefficients are given in standardized units, that is, 
units such that the standard deviations of the dependent and 
each of the independent variables are unity. These permit a 
direct comparison of the apparent ENS magnitude of the pollution 
signal sought with the level of statistical 'noise' in the 
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TABLE Ii. COMPONENTS OF DEATH RATE (MALE, ALL CAUSES, 
45-64) ASSOCIATED WITH VARIABLES IN REGRESSIONS 

% change in 	 Pollution variable in regression 
death rate 
associated with 	 S0 	 Smoke 

Mean pollution level 
	

3.6 
	

2.5 

Standard error 
	

2.7 

95% confidence interval 
	

±6.9 
	

±5.5 

Range in social factor score 
	

27.6 
	

27.0 

Range in latitude 
	

14,1 
	

13.0 

Range in water calcium 
	

11.0 
	

12.4 

Range in rainfall 
	

9.2 
	

8.7 

Coal 
index 

10.2 

4.7 

±9.5 

19.5 

11.4 

11.0 

9.1 

regression (RMS error term E = 	 0.47 in the same units) 
and with the variations associated with the control variables. 
Neither here nor in the corresponding regression for BS smoke 
(standardized pollution coefficient = 0.10) does the pollution 
variable attain statistical significance, though a significant 
association is found with the Daly coal-burning index 
(pollution coefficient = 0.26, significant at 95Z confidence 
level, p < 0.05). 

Table II expresses the same results in more practical 
terms. The figures given represent the percentage changes in 
maleal1 causes, 45-64 death rates which are associated on the 
calculated linear relationship with mean levels of SO2 or BS 
smoke or of the coal-burning index, and with the range of 
values of each of the control variables over the sample set of 
county boroughs. Again, the estimated components of mortality 
associated with SO 2  or BS smoke concentrations are seen to be 
small both compared with their statistical confidence intervals 
and with the variations in mortality associated with the control 
variables. 
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3. 	SENSITIVITY ANALYSIS 

Some of the sources of error in the regression 
analysis may be illustrated by the examples 3.1 to 3.5 given 
below. 

3.1. Small number fluctuations 

An obvious source of uncertainty is random flucruat-
ion in the dependent mortality variable. For Table II, death 
rates were calculated from 5 years' data, arid, for example, 
the male death rates from all causes in the 45-64 age group 
are based in an average county borough (total population 
150 000 to 200 000) on about 1500 individual deaths. In a 
total of this size, 'small nuniber' or Poissonian fluctuations 
are expected with a standard deviation /15 = 40, or about 2.57. 
These account here for about one sixth of the total unexplained 
variance in the regression, and contribute a component of about 
±1.4% to the standard error of the air-pollution term of 
Table II. 

3.2. Smoking 

Similar local variations in death rates may be 
expected from local differences in smoking habits, which are 
not allowed for in the analysis. There are unfortunately no 
published data which show how the proportion of smokers varies 
from one county borough to another; for the purposes of a 
sensitivity analysis, calculations must be based on variations 
(typically ±jlO% around a mean of 50%) in the proportion of 
smokers in different occupational groups (9) or the range 
(about 10%) between the aggregate figures for conurbations 
on the one hand and rural districts on the other (10). 
Variations of ±5% in the proportions of smokers in different 
boroughs would, according to the death-rate data of Hammond and 
Horn (11) or Cederlof et al. (12), lead to variations of about 
±2% in all-causes death rates or ±5% in bronchitis death rates. 
These again contribute to the uncertainties of Table II even if 
it may be assumed that there is no direct confounding of the 
air-pollution term by the effects of smoking. 

3.3, Age distribution 

'Unexplained' variations may also arise from the 
residual effect of variables which nominally have already been 
allowed for but in fact are not adequately described. For 
example, the effect of population age structure on death rates 
is apparently already controlled for by the calculation of 
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death rates for specific age groups. Here, however, a break-
down of the 45-64 age group into separate 45-54 and 55-64 age 
groups shows that there are variations in the population age 
structure between different boroughs which would be expected to 
contribute variations of ±2% in all-causes death rates. 
Correction for these variations reduces the uncertainty in the 
pollution term of Table II by a factor 0.9. 

3.4. Pollution estimation errors 

Random or quasi-random errors of measurement in the 
independent 'causal' variables included in the analysis lead 
directly to a distortion of the corresponding regression 
coefficients. For example, suppose that the SO2 concentrations 
used in the calculations of Section 2 (obtained by averaging 
over all available measuring sites in each county borough) 
differed by ±10 pg/rn3  (RllS) from the 'true' population 
weighted averages. (For comparison, the sample mean over the 
set of 57 boroughs is 139 pg/rn 3 .) A full analysis (to be 
published elsewhere) shows that errors in the pollution maasure 
lead to two kinds of error in the estimated pollution-related 
component of mortality; a systematic underestimate, by a factor 
0.9 for this regression, or by 0.3% for the figure quoted in 
Table II, and an additional component of random uncertainty 
which here has a standard deviation 1.0%. Both kinds of error 
become more serious as the regression variables exhibit a 
greater degree of ciullicol]inearity. 

3.5. Choice of regression variables 

A further uncertainty in interpretation arises from 
the unavoidable arbitrariness in the choice of control 
variables. The problem is particularly serious when these 
control variables have a strong effect on mortality. For 
example, all-causes death rates vary by a factor of two over 
the U.K. social class scale (9) , while there are regional 
differences of up to 20% in death rates which may result from 
differences in climate or in genetic factors, or pcssihl.y from 
selective migration to the more prosperous South-Eastern area. 
These effects are reflected in the importance of the social 
factor and latitude variables in Table II, producing differ -
ences of up to 27% and 14% respectively over the set of 
county boroughs considered. 

For these regressions the sensitivity of the air 
pollution coefficient to the specification of the control 
variables has been illustrated by repeating the calculation 
(a) with the latitude variable excluded and (b) with composite 
social factor score replaced by a set of separate socio-
economic variables (population density, migration balance, 
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TABLE III. POLLUTION-RELATED COMPONENTS OF DEATH RATE 
(MALE. ALL CAUSES, 45-64) IN REGRESSIONS WITH DIFFERENT 
CONTROL VARIABLES 

f. change in death rate 	 Pollution variable 

in regression where  
control variables are: 	 SO 2 	 Smoke 	 Coal 

index 

Baseline (social factor index, 
latitude, water calcium. 	 3.6 	 15 	 10.2 

rainfall) 

Baseline without latitude 	I 	7.2 	 6.0 	 148 

Baseline: social factor index 
replaced by full set of 	

1.1 	 10 	 1,9 
primary soclo-economlc 
variables 

per cent population aged under 15, and indices of social class, 
overcrowding, income levels, educational levels and car 
ownership (7,13,14,15,16). The results are shown in Table III. 
In each case the air pollution term is substantially increased 
by the exclusion of the latitude variable, and substantially 
reduced (becoming negative in the regression for BS smoke) 
when the full set of socio-economic variables is included. In 
the case of SO 2  the air-pollution term varies over a range of 
6% of total mortality according to the choice of control 
variables. 

4. 	DISCUSSION 

The aim here has been to investigate the precision and 
reliability of the cross-sectional regression analysis, 
considered as a scientific tool. From this point of view the 
most striking feature of Table II is the width of the confidence 
interval for the air-pollution term. To attain statistical 
significance (p < 0.05) ?  air pollution would have to account for 
about 77 of total mortality in the 45-64 age group. This is 
very much larger than estimates which might be derived on a 
longitudinal basis from the change in death rates over the 
period 1961-1971 when pollution levels declined rapidly. 
Typical urban annual average concentrations of smoke and SO 2  
for 1970-71 were about 60 pg/rn3  and 100 pg/rn3  respectively, 
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compared with the annual averages of about 140 pg/rn3  for both 
pollutants measured in 1960/61, or with the figures of 
150-200 pg/rn3  obtained for 1958/59 which might be considered 
more typical of pre-Clean Air Act levels (6). Between 1959- 
1963 and 1969-1973 death rates for men aged 45-64 fell by less 
than 1%, while there was a marginal increase in the correspond-
ing rate for women (8). On an individual scale, an air-
pollution-induced increase of 7% in age-specific death rates 
would correspond to an average loss of life expectancy of 8 
or 9 months, as compared with the loss of 5 years (17) from the 
presumably very much more severe effects of smoking twenty 
cigarettes a day. 

The examples of 3.1 to 3.4 show how the errors which 
limit the resolution of the analysis come from a wide range of 
factors. Some of these, like small number fluctuations in the 
mortality data or uncertainties in the pollution estimates, are 
for all practical purposes unavoidable. Even with perfect 
knowledge of population age distribution, smoking habits, 
socio-economic factors, etc., regressions with these mortality 
and pollution data could not detect (with p < 0.05) a pollution-
related component of less than 3.5% of all-causes death rates. 

The calculations of Section 3.5 demonstrate further 
the limits to the reliability of estimation of a small air-
pollution term which arise from the uncertainty in modelling 
of the much more important socio-economic variables. The air- 
pollution contribution varies by 6% or more of the age-specific 
death rote depending on the control variables selected. This 
represents a range of possible systematic bias over and above 
the statistical confidence limits discussed above. 

5. 	CONCLUSIONS 

For the measurement of the effects of present-day 
concentrations of air pollution, regression analysis is a crude 
and unreliable instrument. Several factors - statistical 
fluctuations in numbers of deaths, errors of estimation in 
pollution levels, lack of information concerning age distribut-
ion or smoking habits in the populations studied - give 
uncertainties of a scale as large as that of the likely effects 
of air pollution. Interpretation is further hindered by 
confounding with the much more important gradients in mortality 
determined by socio-economic differences. Dose-response 
calculations for use in risk analysis or cost-benefit calculat-
ions should not be considered complete without a sensitivity 
analysis of the kind outlined here. 
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DISCUSSION 

I.M. TORRENS: Overall mortality rates 	as distinct from mortality 

fran-i a specific disease 	might be expected to show little correlation with 
most items we try to relate to them. The concLusion your paper reaches is 
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therefore not very surprising. But is it fair to extend that conclusion to more 
limited attempts at regression involving, say, broncl1itis and air pollution? 

J.H. PICKLES: One might indeed have hoped that regressions relating 
bronchitis to air pollution would have been a more precise tool than regressions 
involving overall mortality. In fact, in this study at least, the advantages of the 
more specific disease indicator are outweighed by the greater variabi]ity of 
broncl1itis mortality with socio-economic status (by a factor of 5 in the United 
Kingdom) and smoking habits (by a factor of 3), and by the greater statistical 
scatter in the smaller numbers of deaths. 

I.M. TORRENS: In your analysis, smoking is buried in the error'. Since 
it is quite an important cause of mortality, if it were possible to include it as a 
specific factor, might it not swamp the others? 

J.H. PICKLES: Smoking is certainly an overwhelmingly important factor 
when one speaks of individual deaths. Its importance in these regressions 
which concern community average death rates depends on the extent to which 
smoking habits vary between towns. if there were exactly the same proportion 
of smokers in each town, the smoking-induced deaths would not confuse the 
regressions. In fact, differences in smoking habits between towns do exist; 
I have crudely and perhaps conservatively estimated that these introduce 
an r.m.s. scatter of 27(- in death rates from all causes, or 5% on bronchitis 
death rates. 

Another difficulty arises from the rapid increase in smoking among women 
over the last few decades. The 1910 birth cohort (60 years old in 1970) had 
on average smoked twice as many cigarettes as the 1900 birth cohort (60 years 
old in 1960). This trend of increased smoking started earlier in the larger 
towns and conurbations and it is likely that a bias has been introduced into 
the regressions as a result. 

S.R. BOZZO: Is it possibk to use a different factor instead of the 
SO 2  concentration in your calculation? 

J.H. PICKLES: If the SO 2  concentration is left out of the regression, 
the new regression equation is 

death rate = 0.46 X social factor score + 0.30 X latitude 

—0.27 )< water calcium 

+0.15 X rainfall 

in the same standardized units as before. The increases in the social factor and 
latitude coefficients reflect the correlation (r = 0.52 and r = 0.62 respectively) 
between these variables and SO 2 . The proportion of variance accounted for 
by the regression falls by only 1%. 
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Abstract 

THE RISK FROM ENVIRONMENTAL CHEMICALS. 
The elements of risk assessment, namely risk identification, risk estimation, risk 

evaluation and risk management, are described with respect to the control of environmental 
chemicals. The methodology of risk estimation is outlined and examples given of its 
application to regulatory decision-making for a number of chemicals in Canada. Finally, 
the extent and limitations of the process of risk evaluation are considered together with the 
need to recognize the importance of the public's perception of the level of risk. 

The scope and nature of the chemical world created by 
our rapidly developing technological society over the last 30 
years have had a dramatic impact on human health and the 
environment. The inventory of existing chemical substance in 
commerce numbers about 70 000 and the estimate of new chemicals 
entering the market each year in quantities greater than one 
tonne range from 200 to 1000. The hazards of these chemicals 
range from the acute to the long term: not only the highly 
publicized concerns with industrial accidents, home insulation, 
transport of dangerous chemicals, damage to wildlife, possible 
carcinogenic or mutagenic effects, and toxic waste disposal, 
but also the hazards of chronic neurotoxic or behavioural 
changes, or of subtle environmental damage. 

The mechanisms available to society to control these 
hazards can be economic, educational, socio-cultural or 
regulatory. The economic approach could be to fine the 
polluter or to subsidize safety activities: educational 
programs can discourage hazardous activities or increase public 
awareness of the health consequence of particular chemicals. 
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Regulatory options are varied: the sale of chemicals may be 
banned; maximum allowable concentrations in food can be 
established; emission limits can be set; and, less rigorously, 
general guidelines can be proposed. in any event, before 
controls are imposed need and feasibility must be judged, 
preferably through the ordered sequence of risk identification, 
risk estimation, risk evaluation and, finally, risk 
management Lli. Initially, the hazard is recognized, then a 
scientific determination of risk is performed in as quantita-
tive fashion as possible before the ultimately political 
evaluation is made on the acceptability of the risk and its 
consequences. This ordered approach helps separate the 
scientific estimation from the social evaluation and hence 
avoids some of the confusion that bedevils the risk assessment 
process. 

Basis of Risk Estimation 

There are three major sources of evidence that 
determine whether or not a chemical represents a danger to 
human health: epidemiology - in the occupational or general 
environment, animal experimentation, and in vitro testing. To 
some extent supportive information can be provided by 
correlations between chemical structure, in terms of functional 
groups, and biological activity; however, as closely related 
chemicals can possess different toxicity)  this technique is of 
only limited value. 	SirLillarly, clinical studies,although 
appropriate for drugs, are not available for industrial 
chemicals. 

Epidemiology can, in principle, provide the most 
definitive evidence of a chemical's risk to health. However, 
for environmental chemicals its main deficiency is its 
ineffectiveness in proving that long-term health effects result 
from a specific cause. Using either analysis by prospective 
cohort or case control studies, the long latency period for many 
effects obscures causal relationships. In reality, the require-
ment for a long period of use of the agent at an exposure level 
that produces discernible differences in population militates 
against the use of epidemiology for making regulatory decisions 
on environmental health issues. Many environmental chemicals - 
such as POBs, heavy metals, organochlorine pesticides - are 
ubiquitously distributed so that it is almost impossible to 
find an unexposed population group. The increased pace of 
industrialization in many countries has led to the environ-
mental dissemination of many exotic chemicals: if their 
biological action requires a long latent period it will be many 
years before epidemiology can chart their effect. The enormous 
number and range of chemical entities present in food make the 
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search for dietary hazards particularly difficult. In Canada, 
for example, there are nearly 400 food additives and several 
thousand flavour substances. It would be well-nigh impossible 
to determine the detailed retrospective information required 
for an epidemiological assessment of their individual contri-
bution to the health of the general public. Finally, the 
possibility of additive or synergistic health effects between 
the multitudinous chemicals present in the environment cannot 
be discounted. 

In summary, epidemiology is more to support public 
health decisions on environmental chemicals rather than to 
initiate them. 

Experiments with animals raise two fundamental 
questions: how valid is the comparison of man and animal? 
how legitimate is the extrapolation of high to low doses? 

Although the basic biological processes of molecular, 
cellular and organ function are similar from one mammalian 
species to another, there are marked differences between the 
standard rodent model and humans. For example, the rat strain 
is homogeneous; it is maintained in a carefully controlled 
uniform environment of food, light, sound, etc., so that the 
insult is restricted to a single causative factor L21 in 
addition, rats have no gallbladder and are independent of a 
dietary source of ascorbic acid. In some senses the more 
sophisticated the test the more limited its application. 
Nevertheless, nearly all the 26 chemicals (or industrial 
processes) that have been positively associated with human 
cancer through the program of the International Agency for 
Research on Cancer F31 are known to be carcinogens to animals. 
The converse argument - i.e. chemicals carcinogenic to 
laboratory animals are carcinogenic to man - is now backed by 
considerable experimental evidence, some of which is indirect, 
but must always be qualified by consideration of the nature of 
the test and species, specific incidence site, route of 
administration, and the whole spectrum of metabolism 
and excretion. Conversion factors are used in estimating risk 
levels for humans from data obtained in other species, e.g. 
body surface, body weight, nutritional conditions, tissue 
distribution, and retention. Extrapolations using body surface 
area rather than body weight provide a more conservative 
approach and one that is more appropriate for the comparison of 
metabolic processes. 

Two distinct approaches have traditionally been 
followed to estimate from animal experiments the tolerable level 
of exposure for humans. One approach is to derive 'acceptable 
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daily intakes" based on levels of chemical that fail to produce 
an observed effect in the animal. The other approach, which is 
now held to be the most appropriate for carcinogenesis, is to 
extrapolate using mathematical models to low levels where no 
response can be observed. 	For food additives and pesticides, 
for example, an acceptable daily intake has often been 
established through the application of a 100-fold safety factor. 
This uncertainty factor admits the possibility that man may be 
up to 10-fold more sensitive than the animal species tested and 
allows for a 10-fold variation in sensitivity within the human 
population [4[. The magnitude of the safety factor may be 
modified depending on the chemical and kinetic properties of the 
test compound, the effects induced as well as the quality of the 
available toxicological data: safety factors as high as 1000 
have been proposed 1511. The use of the "no observed effect 
level' (NOEL) concept tacitly assumes that a threshold dose 
exists and is, of course, dependent on sample size: response 
rates of 0/10 and 0/1000 will have different interpretations. 
With 50 animals on test there is a better than even chance of 
observing no effects with a compound for which the population 
risk is as high as I per cent [6]. The slope of the dose 
response curve is also of relevance: a moderate safety factor 
may not provide adequate protection if the response curve is 
shallow [71. 

The mathematical extrapolation of dose-response curves 
outside the experimental range is generally employed for the 
interpretation of genetic effects, particularly carcinogenicity. 
At least six models are available: 	probit, logit, Weibull, 
one-hit, multi-hit and multi-stage [8]. Extrapolation to low 
doses is fraught with imponderable factors and the inapprop-
riateness of equating physical radiation damage with the cell 
reactions of chemical carcinogenesis, or of assuming that 
biological effects are proportional to dose regardless of the 
size of dose or the rate of exposure, is being vigorously 
debated today. In these types of experiments, even if there is 
no evidence of carcinogenicity, it is not possible to prove 
conclusively that such a risk does not exist [9]. 

Munro and Krewski [101 have critically reviewed the 
limitations of statistical and stochastic models and noted that 
the shape of the dose-response curves has a considerable effect 
on the estimates of risk made by the different models. Because 
of these uncertainties, U.S. regulatory authorities have 
advocated the use of conservative one-hit extrapolation 
procedures [5]. Although this procedure may be appropriate for 
potent electrophilic carcinogens it may not apply for less 
potent chemicals that can induce tumors through perturbation of 
normal physiological processes. In addition, the target site 
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of the carcinogen can differ in different species: aflatoxin 
Bl is carcinogenic in rats but not in adult mice. Compounding 
of these factors can, on occasion, lead to estimates that are 
terrifying in their vagueness. For example, the National 
Academy of Sciences in their report on saccharin estimated that 
the expected number of cases of bladder cancer in the United 
States due to exposure to 120 mg saccharin per day may range 
from as low as 0.22 over the next 70 years to as high as 
1 14 000 [111. These estimates of risk span a range of eight 
orders of magnitude 

The time, expense and physical difficuEties of animal 
tests have stimulated the search for short-term test methods to 
detect carcinogens. The most promising approach to date relies 
on the correlation between mutagenesis and carcinogenesis. A 
number of mutagenicity assays have been developed, of which the 
Salmonella microsome assay developed by Bruce Ames and 
associates [12111 is the best known, most widely used, and most 
thoroughly validated. None of these tests gives incontro-
vertible proof of carcinogenicity but the Salmonella assay 
detected about 90% of the carcinogens examined, as also did the 
in-vitro mammalian cell transformation assay: in combination 
these tests detected virtually all carcinogens tested (99.2%), 
although the incidence of false positives was relatively high 
(8.8%) [13, 1411. 

As the various factors influencing the relationship 
between mutagenic potency and carcinogenic activity of a 
chemical are better understood, it is likely that the assay 
procedures will be improved to increase the correlation. 
However, it is doubtful whether the short-term mutagenicity 
assay will ever replace the need for human epidemiology and 
animal cancer tests. 

This, then, is the armamentarium with which the hazard 
of a chemical can be determined. In addition to national 
evaluations, international committees of WHO and FAD have 
provided detailed analyses for a number of chemicals, especially 
pesticides, and food additives. There have not, however, been 
the concerted and detailed international assessments that have 
been directed to the biological effects of ionizing radiation by 
that renowned trinity of UNSCEAR, ICRP and BEIR. Partly, this 
is because the hazards of radiation have been tragically visited 
on human populations but also, I would suspect, because the 
logic of a rigorous analysis has proved particularly attractive 
to the physicists and mathematicians associated with nuclear 
energy. Be that as it may, chemists have belatedly learned 
their lesson, and risk estimations for chemicals are now the 
order of the day. A new International Programme of Chemical 
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Safety was launched by WHO in 1980 and is now co-sponsored by 
ILO and UNEP. This programme should provide the international 
vafldity and cachet for the evaluation of chemicals that is sc 
urgently needed. 

How to choose which chemical to be tested from the 
multitude available and potentially toxic is a problem that has 
exercised many national agencies. In Canada, a List of Priority 
Chemicals under the Environmental Contaminants Act is gazetted 
annually by the Departments of Environment and National Health 
and Welfare. Three sets of criteria are applied to the 
selection of chemicals for the list: toxic effects to human 
health or the environment, persistence, quantity in use. 
Within these criteria a committee by consensus develops a list. 
In the U.S.A., the Toxic Substances Control Act requires that an 
Interagency Testing Committee advise on up to 50 priority 
chemicals to be tested: as of November 1980. 42 chemicals were 
on the list. Selection of the chemicals is based on eight 
priority factors: (i) quantity manufactured; (ii) quantity that 
will enter environment; (iii) occupational exposure; (iv) non-
occupational human exposure; (v) similarity in structure to 
chemicals known to present unreasonable risk to health or the 
environment; (vi) existence of data concerning health and 
environmental effects; (vii) extent to which testing will 
develop useful data on risk of injury to health or the 
environment and (viii) foreseeable availability of testing 
facilities and personnel. Consideration may also be given to 
chemicals known or suspected to cause cancer, gene mutation or 
birth detects. 

In an attempt to harmonize test procedures for 
chenicals and hence reduce the adverse effects on international 
trade, the OECD Chemicals Group is analyzing a number of key 
processes used for evaluation. Preliminary agreement has been 
reached on the minimum set of pre-marketing data required for 
the initial assessment of a chemical. The International Joint 
Commission Committee responsible for the 'Assessment of Human 
Health Effects of Great Lakes Water Quality" has been developing 
an approach similar to that of the OECD for ranking the 
approximately 400 chemical substances identified (as of 1978), 
as contaminants of the Great Lakes by the Great Lakes Water 
Quality Board. The development of a suitable hazard rating 
scheme is envisaged as comprising the two components; 
(a)ratings based on toxicity data, and (b) ratings based on 
the potential degree of exposure of population groups to the 
contami nant. 
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Regulatory Control of Chemicals in Canada 

In Canada, the control of environmental chemicals by 
regulation is now using to a varying, but increasing, extent the 
techniques of risk estimation as will be evident from the 
following examples. 

A federal-provincial working group has completed in 
1978 a comprehensive review and re-assessment of the earlier 
Canadian Drinking Water Standards and Objectives. 
Trihalomethanes are known to occur in drinking water as a result 
of treatment by chlorine. The most commonly found 
trihalomethane in drinking water is chloroform,and a survey 
1976-77 [151 of some 70 Canadian nunicipalities showed that its 
concentration can reach 121 pg/Ttr. The question is raised: Is 
this an acceptable level? Epidemiological studies, in the lower 
Mississippi and Ohio river valleys, have not shown unequivocal 
evidence of a direct cause-effect relationship between chloro-
form contamination in drinking water and a variety of recorded 
cancers, although an association with bladder cancer has been 
suspected [1511]. However, the U.S. National Cancer Institute 
rodent study found a dose-related incidence of malignant tumours 
in the kidneys of male rats and the liver of mice of both sexes 
[17[. The daily dose to produce these effects was high - in the 
range 100-500 mg/kg body weight. In addition, studies with 
cough suppressants and mouthwashes have shown that hepato-
toxicity occurs in humans at oral doses of chloroform between I 
and 25 mg/kg/day (70 kg person): occupational exposure to 
chloroform in the pharmaceutical industry is known to produce 
liver damage to the workers L18[. 

Tardiff [17[ has carried out a detailed analysis 
through four different models - margin of safety, and the 
statistical probit/log (Mantel/Bryan), linear or one-hit, and 
two-step - to determine the maximum risk incurred by drinking 
tap water containing chloroform. A tenfold margin of safety 
applied to liver damage in man gives a maximum daily dose of 
0.03 mg/kg. Extrapolation from the rodent studies gave the 
maximum risks at a maximum daily dose of 0.01 mg/kg range up to 
0.4 cancers/million/year. For a 70-kg man consuming 2 litres of 
water daily, this intake represents a chloroform concentration 
of 0.35 mg/litre: this is the recommended maximum acceptable 
concentration of total trihalomethanes in drinking water. The 
objective level, i.e. the ultimate quality goal, is less than or 
equal to 0.0005 mg/litre. 

In this example, extrapolation from animal studies to 
man by means of statistical system is defensible because we know 
the human target organ for chloroform and there is some evidence 
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of similar metabolic pathways. On this basis, we can say that 
the risk of cancer to a member of the population from drinking 
water attributable to chloroform lies between no risk to kidneys 
and liver and a maximum of 1 in 2.5 million/year. 

Asbestos, which is now clearly indicted as a human 
carcinogen, is extensively used in dry-wall patching products. 
Analytical studies of the fibre concentrations of 10 dry-wall 
taping compounds during sanding, dry.-mixing and floor-sweeping 
operations have shown average peaks as high as 47 fibre/cm 3 [19]. 
The U.S. Consumer Product Safety Comission has developed a risk 
assessment model based on a number of assumptions including: 
linear dose-response relationship between asbestos and lung 
cancer time to tumour being dependent on dose, effect of dose is 
cumulative. These lead to a log dose-log response curve: the 
experimental data on cancer deaths attributable to dose being 
derived from the extensive epidemiological studies of Selikoff. 
Calculations of high intermittent exposure for four uses of 
asbestos patching products per year gives an exposure level 
equivalent of 0.4 fibres/cm 3! day for one year; it is estimated 
that this will cause an additional 10 lifetime respiratory 
cancer deaths/million. if effect of dose is cumulative and is 
assumed to have the same effect as if that dose had been 
accumulated in the year of exposure, then continued use of 
asbestos for five years will raise that estimate to 990 deaths! 
million. 

It will be crystal clear why the Department of National 
Health and Welfare recommended that asbestos be banned in dry -
wall patching compounds under the Hazardous Products Act. Such 
action has now been taken. 

Clinical studies with arsenic medicinals and epidemiol-
ogical investigations of exposure to arsenic in the occupational 
and general environment indicate that inorganic arsenic is a 
human carcinogen. The U.S. Environmental Protection Agency has 
developed a preliminary estimate of human cancer risk due to 
exposure to airborne arsenic, based on a linear extrapolation 
model and the results of epidemiological studies of occupational 
exposure [20, 21, 2IJ. The increase in the lung cancer rate per 
increase of 1 pg/mi of arsenic in the atmosphere was estimated 
to be 5.3%. Based on concentrations of arsenic measured in 
ambient air in the U.S., it was calculated that for the 2.16 
million people residing in the vicinity of arsenic emissions 
exposure to airborne arsenic resulted in a lifetime risk of 
respiratory cancer of greater than 1 in 100 000. A linear dose-
response model was also adopted to estimate the risk associated 
with the ingestion of arsenic in drinking water. The model is 
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based on data from Taiwan which relates the increased incidence 
of skin cancer to levels of arsenic in drinking water [231. 

On the basis of the well-documented evidence that 
arsenic is a human carcinogen, a recommendation was made by the 
Department of National Health and Welfare to the Department of 
the Environment to minimize the exposure of Canadians to arsenic 
through the regulation of controllable emissions. The develop-
ment of regulations which will limit arsenic emissions from gold-
roasting operations is being considered via the Clean Air Act. 

A risk estimation more closely related to the health 
effects of energy production is that for the oxides of nitrogen. 
The major sources of localized high-pollutant levels of NOx 
(nitric oxide and nitrogen dioxide) are the gasoline-burning 
internal-combustion engine and stationary industrial -combustion 
facilities which include power generating plants. Ambient 
concentrations in urban environments depend on the nature and 
number of sources and vary considerably with time, climatic 
conditions and distance from the source. In Canadian cities, 
mean annual concentrations of NO X  have been reported to range 
from about 18 g/m 3  to 80 ig/m3; peak levels (1 hour maximum 
concentrations) may be much higher [24111. 

Nitric oxide and nitrogen dioxide are both extremely 
reactive and attack the surface of the respiratory tract 1251. 
Data are lacking to describe with accuracy injurious effects 
attributable to low levels of NO but the adverse effects of NO2 
on biological systems are well-documented. Effects have been 
classified as direct short-term, chronic long-term and indirect 
[261, and this fact has been reflected to some degree in the 
development of air quality objectives, or standards. Nitrogen 
dioxide exerts its primary toxic effect on the lungs and is 
associated with increased susceptibility to respiratory 
infection, changes in pulmonary function, morphological changes, 
edema and emphysema. 

A WHO review of the environmental health criteria for 
nitrogen oxides concludes that the epidemiological data are not 
adequate for long-term exposure guidelines [271.  Short-term 
exposures can give adverse effects - based on animal and human 
studies - at concentrations of nitrogen dioxide as low as 
940 hg/rn 3 . The risk estimation was derived by the WHO group in 
terms of an arbitrary safety factor of 3-5. A nitrogen dioxide 
concentration of 190-320 ig/m3 for a maximum of one hour was 
proposed as an exposure limit consistent with the protection of 
public health. 
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Ambient Air Quality Objectives for nitrogen dioxide 
under the Clean Air Act have been derived from epidemiological 
studies [2411 and the "acceptable level is at present up to 
400 pg/rn 3  for a one-hour exposure. These objectives are 
currently under revision in the light of more recent data. 

There is a growing belief that the quality of indoor 
air may play a significant role in influencing health and that 
too much attention has been placed on the quality of the outdoor 
environment. We spend up to 70 of our time in non-occupational 
environments and the inipetus for energy conservation has led to 
a progressive sealing-up of our homes. We know of the potential 
problems with radon daughters in some Canadian honies and our 
recent experience with urea-formaldehyde foam insulation has 
caused us to be concerned with the contamination of indoor air. 
The Department of National Health and Welfare is working with 
representatives from provincial governments to develop guidelines 
for indoor air quality. 

increasing problems with urea-formaldehyde foam 
insulation led to a ban on the sale of the product in December 
1980. This decision was based on the report of an Expert 
Advisory Committee which noted the inherently unstable nature of 
the polymer leading to the release of formaldehyde. 
Formaldehyde is an irritant to the eyes, skin, and breathing 
passages and can produce allergic responses. Under controlled 
conditions formaldehyde has been shown to induce nasal passage 
carcinoma in rats and mice. Mathematical models predict that 
exposure between 4 ppb and 1 ppm would produce one cancer in a 
million rats [281]. The 1 ppm estimate is based on mathematical 
models that appear to fit the perceived mechanism of action of 
formaldehyde. 

In 1970, the Department of National Health and Welfare 
established a guideline for mercury in fish at 0.5 ppm and 
subsequently the FAO/WHO Expert Committee [293 recommended a 
tolerable weekly intake of 200 pg irethylmercury per 60 kg adult 
based on animal and human studies. Swordfish was effectively 
removed from the Canadian market by this decision. In June 1979, 
the Departments of Fisheries and Oceans and Health and Welfare 
lifted the guideline for swordfish on the basis that the 
consumption of this delicacy is low and on the recommendation 
that it is limited to one meal a week. Essentially, the risk 
estimation for swordfish was made on the basis of level of 
consumption. 

Parts per billion, where I billion 	109.  
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The renowned Canadian decision to remove the artificial 
sweetener saccharin from foods, drugs and cosmetics was based 
on animal studies in which rats were fed a diet containing 5% 
sodium saccharin for two generations L3011. Male rats of both the 
parent and second generation showed a significant incidence of 
bladder tumours: the dose exceeded human exposure by at least 
800 times - based on the bottle of 'diet drink a day. Although 
other corroborating data were available, this was the key 
experiment which led to the regulatory decision at a time when 
some 200 000 lbs of saccharin a year were being used in Canadian 
foods. Some epidemiological support for this decision came from 
a case-control study in Canada E311 that was considered as 
evidence of increased risk of bladder cancer in males consuming 
artificial sweeteners, particularly saccharin. The difficulties 
in interpreting these results are considerable. Although 
saccharin was discovered 100 years ago, it is within the last fe 
years that its use has dramatically increased. in addition, a 
long latency period for the induction of cancer - as suggested by 
the animal experiments - militates against the use of epidemi-
ology for the public health decisions. 

Limitations of Risk Evaluation 

The above examples illustrate the manner in which a 
federal agency establishes a risk estimation of an environmental 

hazard as a basis for regulatory control. The next state of risk 
assessment - risk evaluation - represents societal judgement and 
is ultimately political, beyond the realm of scientific analysis. 
Nevertheless before that judgement is made there are a number of 
serviceable and worthwhile techniques that can be used to provide 
a holistic approach whereby the total context of the problem is 
considered. A particularly valuable technique for risk evalu-
ation is to compare the risk either with other risks or the 
presumed benefit. A schematic approach by Whyte and Burton Eli, 
enables risk equations be derived in the form: elevated risk, 
comparative risk, balanced risk, and risk-benefit. Elevated risk 
means comparison with the natural background - the level of 
'noise' in the system. The contaminant may have always been with 
us - like mercury in fish, or fluoride in drinking water - and 
its beneficial or adverse effects tolerated. Comparing risks 
between different occupational groups, modes of transport, 
recreational activities, natural disasters and so forth in such 
terms as deaths/population unit/year or individual risk of cancer 
per year has been widely applied by Pochin [321 and Wilson [331. 
When applied to disparate activities, devastating comparisons can 
be made. Pochin L1341 gave a one-in-a-million risk of death to 
400 miles travelled by air, 3/4 of a cigarette smoked, or 20 
minutes of being a 60-year-old man. 
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In the same fashion, the average risk from the radiation 
exposure involved in nuclear power production can be estimated. 
On the basis of a world population deriving 1 kilowatt per person 
from nuclear sources around the world - the average individual 
exposure of 4 millireni would lead to genetic as well as malignant 
risks about equivalent to smoking one cigarette every two years. 

Calculations such as these beg, of course, more 
questions than they answer. There is no doubt that we all accept 
a much higher level of risk - at least a thousand-fold according 
to Starr [3511 - for activities that we deem voluntary as opposed 
to those regarded as involuntary, or imposed from outside. In 
reality, the distinction is not so nice as it seems. The power 
of advertising, peer pressure and other social forces often 
radically diminish 	the area of operation for free will. If we 
all genuinely accepted the odds there would hardly be the 
flourishing casinos or lotteries in evidence. 

Balancing risks from alternatives lies at the heart of 
the social evaluation process. It has been quantified for energy 
production. Qualitatively the knowledge that replacement 
pesticides were available for DDT, saccharin for cyclamates, 
replacement fluids for PCBs, other insulating materials for urea-
formaldehyde, influenced the public health decisions to ban these 
chemicals. 

Even when risks are well-known and calculable there 
remains the problem of weighing them against the benefits giving 
rise to the risk. Pesticide risks to ecological systems can be 
weighed against increased food production. Chlorination of 
drinking water indisputably protects against some most unpleasant 
water-borne diseases. Some of these benefits may be commonly 
accepted as outweighing the risks but we are now facing the basic 
problem of societal judgement. A seemingly objective technique 
like cost-benefit analysis is of little value for environmental 
risk assessment for it requires the variables to be measured in 
commensurate, usually monetary, terms. Different people place 
different values on things such as human life, aesthetics and 
national security. Many factors cannot be satisfactorily 
expressed in dollar terms because they involve important values 
on which there is no agreement. To some extent the same 
criticism applies to the allied technique of risk-benefit 
analysis where implicit monetary values are attached to risks. 
Thus, if the exposure standard to acryonitrile is reduced to 0.2 
ppm at an annual cost of $126.2 million in the expectation of 
preventing one additional cancer death a year in textile workers, 
the cost of that life is implied [361. Nevertheless, these 
techniques and the associated ones of cost-effectiveness and 
decision analysis are increasingIy required for the 
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assessment of chemicals. In Canada, a detailed soclo-economic 
impact statement is required for any decision related to health, 
fraud or safety that is expected to have a major economic impact 
on industry [3711: currently set at over $12 million. 

There is no question but that in the last decade we have 
made great progress in building a rational scheme on which to 
assess the risk from environmental chemicals. But rationality 
is not enough. If it was, the public perception of hazards would 
equate with that of the professionals and the news media would 
have to find new sources of drama. The public is particularly 
exercised about risks over which they have no control and those 
which affect identifiable victims, particularly children. 
Inexorably, it is emotions at the deepest level that have been 
the lever of innumerable legislative and administrative public 
health decisions. 

Rational argument and logical thought are supreme in our 
ability to provide a structured, ordered system of risk assess-
ment for chemicals. But they must not be taken too far. It was 
Jung who said: 

"Rational argument can be conducted with some 
prospect of success only so long as the 
emotionality of a given situation does not 
exceed a certain critical degree. After that 
reason is replaced by slogans." 

Some questions of fact, such as the extrapolation of animal 
response to minute doses, can be stated in the language of 
science but not answered by science - termed 'trans-science' by 
Weinberg [381. Sometimes what passes for irrationality may be a 
well-founded suspicion of the operation of society. It is 
imperative that we recognize the limitations as well as the 
powers of the scientific method if we are to ensure that the 
political process which serves us all arrives at the just 
decisions required to control environmental hazards. 
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DISCUSSION 

B. SRENSEN: How did you determine that the environmental conditions 
for rat experiments were 'minimum stress'? 

E. SOMERS: The fact that the rats are kept at controlled temperature 
and humidity, with controlled light source, noise levels and diets provides a 
less stressful environment than that to which the human population is exposed. 

B. SRENSEN: As a general comment, I think it would be a good idea 
to replace the term 'acceptable risk' by 'accepted risk'. This would make it 
less embarrassing when levels have to be altered. 



IAEA-SM-254/102 

Invited Paper 

RURAL AND URBAN ENERGY SCENARIO 
OF THE DEVELOPING COUNTRIES 
AND RELATED HEALTH ASSESSMENT 

K.G. VOHRA 
Bhabha Atomic Research Centre, 
Born bay, 
India 

Abstract 

RURAL AND URBAN ENERGY SCENARiO OF THE DEVELOPING COUNTRIES AND 
RELATED HEALTH ASSESSMENT. 

The pattern of energy use in India is considered in order to assess the impact on health 
of rural and urban energy sources in the developing countries. The health impact of the 
non-commercial' sources of energy used in India is discussed, with particular reference to the 
use of firewood and farm wastes for domestic cooking. The commercial energy sources con-
sidered include coal, oil and electricity. The generation of electricity from coal, hydro sources 
and nuclear fuels is discussed with regard to their health impact. The production and use of 
biogas instead of dried animal dung for domestic cooking in the rural areas of India is pro-
posed in order to reduce the health detriment. On the basis of the past trend in the use of 
commercial and oon-cornmercial energy in India, projections are made for the future, taking 
into consideration health detriment and environmental damage associated with different 
sources. Finally, bases for changing the energy-use pattern in the developing countries are 
discussed, with particular emphasis on renewable sources and nuclear energy. 

INTRODUCTION 

The energy consumption patterns of the world have shown continuous 
change since the middle of last century. Just over a hundred years ago, nearly 
70% of the energy used in the USA was derived from firewood. This was 
followed by the growth and decline in the use of coal, and currently nearly 
80% of energy is derived from petroleum and natural gas [1]. The extensive 
use of fossil fuels has led to considerable degradation of the environment. 
Against this background, the contemporary energy scene in the developing 
countries constitutes a fascinating and challenging study for energy planning 
with regard to health, environment and economic growth, particularly for the 
rural districts. This is practically a virgin area where future energy planning 
can be based on conservation and extensive use of renewable resources in an 
efficient manner, which would lead to better quality of health and environment 
than in highly industrialized cities. 
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J'JG. I Consumption of corn mercial and non-conme)cjal energy in India in terms of 

coal replacement value 11979). 

Even though each developing country has a different resource potential 
and economic base, it may he interesting to consider in detail the energy scenario 
of India in relation to the impact on health and environment of different methods 
of producing energy. This is because a very wide spectrum of energy resources 
is used in India, ranging From nuclear power to the use of dung .Although 
commercial power production in India is based on technologies essentially 
similar to those used in the developed countries, energy consumption in most 
rural areas is based on 'non-commercial' methods, including the use of firewood 
and farm wastes for domestic cooking and extensive use of direct solar heat and 

animate energy. 
There are nearly 576 000 villages in India, of which only 45cf. or so receive 

electricity from commercial power stations 21, mainly those located near urban 
areas or the power stations. In view of the heavy cost of transmission lines, 
many remote villages are not served by commercial power stations. Electricity 
is used mainly for lighting, irrigation pumps, small industries and food-grain 
processing it represents barely 	of 111e total energy used. Animate energy 
is also used extensively in the villages for farming and transport. It is estimated 
that nearly 400 million rural inhabitants derive their energy requirement (mainly 
household cooking) from non-commercial sources. The adverse health impact 
of these non-commercial fuels is indeed large. Figure 1 represents diagrammatically 
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the current pattern of energy use in India [3] in terms of coal replacement value, 
which represents the amount of coal needed to substitute for the energy source 
in use, as defined later in this paper. All energy-related figures ciuoted in the text 
are for 1979. 

2. hEALTH IMPACT OF NON-COMMERCtAL ENERGY SOURCES 

Non-commercial energy sources provide nearly 50% of the energy for almost 
half the world's population, including the developing countries of Asia, Africa and 
Latin America. In India, nearly 41% of primary energy is derived from non-
commercial sources. Sufficient data are not available to give a quantitative picture 
of the health detriment resulting from them. However, the available information 
on the fuels used, the nature of pollutants released and morbidity and mortality 
data show that the problem needs urgent consideration. The fuel commonly used 
is firewood, burnt in open hearths with only 10-15 1;'( efficiency. Dried cattle dung 
and agricultural waste products are also used extensively, the former commonly 
used for initiating the burning of firewood. With the growth in population, the 
use of these resources is also increasing. In fact, the major air pollution problem 
in India is smoke and toxic gases from domestic use of such fuels. The gaseous 
pollutants released during the combustion of these fuels include CO, SO 2 , NO. 
NH 2 . l-lCl and hydrocarbons. The particulate matter released as smoke consists 
of condensed volatile hydrocarbons, soot and fly-ash particles. Table I gives the 
estimated emission of different pollutants in kg - t fuel for different fuels 
used [4]. CO is produced owing to incomplete combustion: 50 2  is produced 
from the oxidation of the sulphur content of the fuels; and oxides of nitrogen 
are produced in the process of combustion. A variety of volatile toxic hydro-
carbons are produced through free radical reactions, particularly the carcinogenic 
polycyclic aromatic hydrocarbon, benzo(a)pyrene. 

The indoor air concentration of different pollutants depends on the degree 
of ventilation inside the dwellings. A limited survey of rural households conducted 
in the State of Gujarat, India, has shown a large range of pollutant concentration. 
The survey included 200 houses using non-commercial fuels in a variable mix 
and with different degrees of ventilation. Table II gives the range of concentration 
of S02 , NON.  B(a)P and suspended particles in these houses 5]. It is noteworthy 
that the maximum values far exceed the air-quality standards. The average daily 
cooking time spent indoors ranged from 6 to S hours, and the exposure was 
mainly incurred by housewives and children. 

The commonly reported health effects of exposure to smoke and gases during 
domestic cooking are asthma, chronic bronchitis, emphysema, chronic cor pul-
rnonule, and cataract of the eyes. coy pulmonale is caused by chronic obstructive 
pulmonary disorders, and accounts for rising morbidity trends in a number of 
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TABLE I. ESTIMATED EMISSIONS OF MAJOR POLLUTANTS FROM 
NON-COMMERCIAL SOURCES (kg t' fuel) 

Firewood Dry cattle Agricultural 
dung waste products 

Particulates 31.4 111 30,0 

Organics (including 23.5 9.8 22.0 
hydrocarbons) 

Sulphur dioxide 19.6 8.2 18.8 

Nitrogen oxides 3.9 1.6 3.8 

Carbon monoxide 1.6 0.7 1.6 

Hydrogen sulphide 1.2 0.5 1.1 

Hydrogen chloride 1.2 0.5 1.1 

Ammonia 1.2 0.5 1.1 

Totals 83.6 34.9 79.5 

countries in the South-East Asia region. An extensive study was carried out 
between 1962 and 1974 on the etiopathology of chronic cor pu/mona/c in India 
with support from the National Institute of Health, Bethesda, MD, USA, and other 
agencies [6].  In this study, a very high incidence of cor pu/mona/c was reported 
from two hospitals in Delhi. The patients were mainly women from rural areas 
using non-commercial fuels for cooking. The incidence was found to be particu-
larly high in northern India, probably because of the colder climate during winter 
and frequent smog. Nearly 1 77c of 2360 cardiac eases admitted to two general 
hospitals in Delhi were diagnosed as cor pu/mona/c,' nearly 17---31% of cardiac 
deaths were due to cor pu/mona/c. This survey also showed that women developed 
corpu/monak early in life and died young. Patients were exposed to these primi-
tive fireplaces from childhood and suffered from chronic respiratory problems 
all the time. The occurrence of the disease in women 10 to 15 years earlier than 
in men established the basic cause as air pollution from fuels used for domestic 
cooking. Cigarette smoking was found to be a contributory cause in men. Women 
patients also showed cardiac enlargement, excessive derangement of pulmonary 
function and more severe congestive heart failure [7]. 
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TABLE II. RANGE OF CONCENTRATION OF SO2 , NO R , B(a)P AND 
SUSPENDED PARTICLES IN 200 HOUSES SURVEYED IN 
GUJARAT STATE, INDIA 

Maximum 	 Minimum 	 Ambient 
value 	 value 	 air-quality 

standards 

Sulphur dioxide 	 1100 	 50 	 35 (US) 
(jsg. ni 3 ) 

Oxides of nitrogen 	 1300 	 12 	 100 (US) 
(fig' in 3 ) 

Benzo(a)pyrene 	 9311 	 1270 	 ID(FRG) 
(jig/I000 m 3 ) 

Suspended particles 	 1500 	 500 	 150 (US) 

Note: The ambient air-quality standards are for daily mean values. 

Similar reports of domestic-energy-related health detriment have been 
received from other developing countries of South-East Asia, including Thailand, 
Burma, Nepal and Bangladesh [6]. A survey conducted in the Fiji Islands also 
showed high incidence of chest pain and eye irritation attributed to smoke from 
the burning of firewood 181. Estimates based on the surveys conducted in 
northern India and Nepal show that nearly I —1 .3% of the rural population 
surveyed suffered from cor pulmonale [6].  The incidence of chronic bronchitis 
and emphysema was much higher. In terms of health detriment per unit of energy 
per person, the detriment from this source is orders of magnitude higher than 
from the commercial production of electricity. The increasing population and 
sharing of dwellings by a larger number of people must certainly have increased 
the magnitude of the problem. It is therefore important to consider an alternative 
which would bring relief from this source of suffering to the rural population. 

The production and use of biogas is one such alternative. It has been esti-
mated that full-scale adoption of biogas could meet at least 50% of the rural 
energy requirement for the domestic sector. 

In addition to health detriment, extensive use of firewood has led to soil 
erosion, deforestation and resulting floods and climatic changes. The annual 
damage caused by floods has shown a rising trend for the last 30 years [2]. The 
use of non-commercial fuels has also led to scarcity of firewood in rural areas. 
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Firewood plantation has been proposed for some regions of the country. This 
combined with large-scale adoption of biogas technologycould help in conserva-
tion of forests. 

2. I. The biogas energy alternative 

Biogas can be generated in simple gas plants by anaerobic fermentation of 
the slurry made by mixing water with wet animal dung and some farm wastes. 
The gas is mainly methane (50-60%) with impurities of CO 2  N2  and H2 , and 
trace levels of CO. 02  and ll 2  S. The fuel value of the biogas is comparable to 
that of coal, with nearly twice the efficiency in utilizing the heat output. It is 
a clean fuel with no polluting smoke. This energy source has therefore been 
suggested to partially replace the direct burning of dung cakes and farm waste. 
From the point of view of health, this would also ensure hygienic surroundings 
free from mosquitoes, f1iesand insects that breed on wet manure heaps. 

The biogas alternative is particularly appropriate since India has the highest 
cattle population in the world. About 235 X 106  bovine cattle in India [9] 
yield nearly 1200 X 10 6  t of wet dung annually. This quantity of dung has 
biogas potential equivalent to 20 X 106 t of oil per year, which is equivalent to 
802 of the country's consumption of oil and nearly twice the indigenous 
production of oil in 1979. 

The installation of hiogas plants first started in India in ]962.!]963. 
This work was entrusted to the Khadi and Village Industries Commission 
constituted by the Government of India and also subsequently to the Department 
of Science and Technology of the Government. The programme included help 
in design and installation of plants and the grant of Government loans and 
subsidies to persons wishing to install these plants. Today nearly 80 000 biogas 
plants are in operation in the country [10}. During the current five-year plan, 
a target of nearly half a million new plants has been set. 

Typically, the biogas plant for a small family of four to five persons can 
he built by using dung from three cattle 	two cows and a calf - yielding 
20-25 kg of wet dung per day from which nearly 1.5 m 3  of hiogas can he 
generated daily for domestic cooking and lighting. The manure can be used in 
the family kitchen garden for growing vegetables, and the surplus could he sold 
to small users. However, large-scale adoption of family-size plants is not economic. 
The medium-size plants can cater for five to ten families, and the large village-size 
plants are built to handle almost a tonne of dung per day from 150 to 200 farm 
animals. Enough gas pressure is generated in large plants to use gas pipelines up 
to 1.5 km long. Larger plants are in fact a good source of organic fertilizer for 
village farming needs. Such plants can be built to eater for the fuel and manure 
needs of individual villages. They would also help to improve sanitation in the 
villages. In addition, their construction and operation are both labour-intensive 
and appropriate for rural areas of India. 
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In assessing the positive health impact of the biogas alternative, we must 
consider the decrease in morbidity and mortality due to cleaner cooking conditions 
free from smoke, as well as the lesser problem of mosquitoes, flies and insectswhich 
take a sizeable toll in rural areas through the spread of parasitic diseases. Baseline 
data need to be generated for the current incidence and pattern of diseases in the 
rural communities through programmes of epideniiological studies. 

THE USE OF COMMERCIAL ENERGY IN INDIA 

The primary sources of commercial energy in India are coal, petroleum 
products, natural gas, hydroelectricity and, to a limited extent, nuclear power. 
The health assessment for these will now be discussed. Electric power stations 
are mainly based on coal and hydroelectricity, contributing 56% and 37% 
respectively to the installed capacity 1111. Petroleum products are mainly 
used for transport, agriculture and the household. The transport sector accounts 
for the major consumption of petroleum products. During the two decades before 
the oil crisis, the use of petroleum products, both for transport and industry,  
increased, owing to their cheapness and convenience. Coal locomotives were 
replaced by diesel locomotives, and coal-fired furnaces in textile mills and other 
industries were replaced by oil-fired furnaces. Petroleum products have been 
little used for generating electricity. 

In terms of coal replacement value, nearly 47 1/o of the total commercial 
energy is contributed by petroleum products, 24% by coal and 29% by electricity 
[3]. The present dependence on oil is indeed large and one may estimate a shift 
in the primary energy use from oil to coal, and to nuclear energy on a long-term 
basis. Health assessment for the use of coal, and methods of reducing the health 
detriment from this mode of primary energy, must be considered on a priority 
basis. 

The contribution of nuclear power to commercial energy, which is only 
about 3 7c at present, would continue to grow slowly and would become 
significant only by the end of the century. Since the health detriment from 
the use of nuclear power is very small compared to coal [12,131. its contribution 
to commercial electricity in India may become comparable with other sources 
after a few decades. 

3.1. Assessment of health detriment from the use of coal 

India has large deposits of coal with total reserves for depths up to 600 in 
estimated at nearly 81 X 10 t [ 1 4], of which only about 30.9 X lQ t are 
recoverable. The current annual production is in the range of 100 to 105 X 10 t. 
Of this, about 34 X 106  t of coal are used for nearly 80 thermal power stations 
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of capacity ranging from 10 to 700 MW(e) each, with total capacity of nearly 
17 GW(e). In addition to generating electricity, coal is used in the steel industry, 
railways, cement production, textile and other industries, and for domestic 
cooking in urban as well as rural areas. About 7 to 8 X 10 6  t of coal are used 
for domestic cooking. The use of coal for electricity production would continue 
to increase, at least for the next few decades. With this background, we may now 
look at the assessment of health detriment associated with the use of coal in India. 

It is well known that coal has the greatest potential for environmental 
damage. Coal smoke and fly-ash from power stations and industry in the urban 
areas give rise to all the major categories of pollutants, including trace metals, 
carcinogenic hydrocarbons and a large number of gaseous pollutants. The sulphur 
content of most types of coal is in the range of 0.3-5%, leading to significant 
releases of SO2  in the stack effluents. Nearly 40 other elements are present in 
coal, including cadmium, mercury and the radioactive elements radium, uranium 
and thorium. Accumulation of cadmium and mercury in the biosphere through 
long-term use of coal for electricity generation can cause serious health concern. 
The likely health detriment associated with the radioactive content of coal has 
received considerable attention in recent years. Mining and transport of coal 
also give rise to health detriment. 

Assessment of health detriment in India must be carried out for general 
environmental pollution from the use of coal for power production and industry, 
as well as for indoor pollution from heavy domestic use of coal. The air pollution 
problem has reached an alarming state in many Indian cities, particularly with 
regard to particulate pollution. Most of the thermal power stations are of older 
design and are not provided with electrostatic precipitators for removing fly -ash. 
Only the newer stations have control equipment for reducing particulate pollution. 

No epidemiological studies on the health detriment from urban domestic 
use of coal have yet been reported, and there is an urgent need for such studies. 
The statistics from major hospitals in large cities show very high incidence of 
respiratory disorders in the exposed population groups 151. 

3.2. Assessment of health detriment from the use of oil 

Efficient combustion of oil gives very little polluting hydrocarbons and CO. 
However, SO 2  and NO are produced in varying concentrations, the former 
depending on the sulphur content of the oil and the latter on the temperature 
of combustion. Pollution problems arise mainly from the incomplete combustion 
of oil, as in the case of automobiles and industrial-oil furnaces. The pollutants 
are generally classified as gaseous hydrocarbons, including ethylene, propylene, 
etc.; particulate hydrocarbons, including the carcinogenic polycyclic aromatic 
compounds; and inorganic gases, including CO, NO and S02 . Many toxic 
gases are also formed by photochemical oxidation reactions after the release of 
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primary products into the atmosphere, particularly the formation of acrolein, 
peroxyacetyl nitrate (PAN), and formaldehyde. Ozone is also formed in thesc 
reactions in fairly large concentrations. 

The annual consumption of oil in India for commercial energy is around 
24 million tonnes [3]. According to recent estimates, India has oil reserves of 
nearly 1500 million tonnes. The indigenous production is likely to increase 
considerably in the coming years. Nearly 70% of petroleum products are used 
in the transportation sector alone, and only 8% are used for power generation. 
Only 5% of oil is used as petrol, mainly for cars plying in the urban areas. In 
fact, the urban air pollution is mainly caused by petrol-driven cars and diesel-
driven trucks. The pollutants are released near ground level and there is very 
little dilution. The tuning of vehicles is generally not satisfactory, and this leads 
to abundant smoke in the high traffic density areas with high concentration of 
carcinogenic polycyclic aromatic hydrocarbons. The problem is more acute in 
the densely populated cities, Bombay and Calcutta. 

Preliminary health surveys carried out in Bombay and Ahmedabad have 
shown some correlation between the concentration of pollutants and mortality 

and morbidity [1 51. Detailed epidemiclogical studies are projected at Bombay 
under an IAEA Research Contract. Under this contract, detailed measuremerts 
of the polycyclic aromatic hydrocarbon BP have been carried out at different 
locations in and around the city of Bombay, representing (a) a locality with high 
traffic density, (b) a locality with industries using coal, and (c) a suburban locality. 
In the area with predominant traffic density, nearly 80% of the B(a)P was found 
to be on respirable-sized particles, with concentrations exceeding the air-quality 

standards during the winter months[ 1 6]. 

3.3. Health aspects of the use of natural gas 

Natural gas, which contains 80-90% methane and heavier hydrocarbons, 
is known to be one of the least polluting fuels. Particulates and SO 2  are minimal 
in natural gas used for thermal power stations. However, the NO release is compar-

able to that of coal and oil, depending on the temperature of combustion. Natural 
gas also contains a small quantity of radon, which is too low to be significant 
enough to create adverse radiological health effects [17]. Risk estimates for 
energy alternatives have shown that natural gas has the lowest overall risk associated 

with its use tl3i. 
The known resources of natural gas in India are very limited. After the 

discovery of natural gas in the Bombay High region, two thermal power stations 
in Bombay operating on coal were switched over to gas, with very significant 
decrease in pollution. Although the present wells have a limited gas supply, 
Bombay High has a large potential for natural gas. It is also proposed to supply 
this gas for household cooking in the Maharashtra State. 
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3.4. Risk assessment for hydroelectric power generation 

The main risk associated with the generation of hydroelectric power is 
accidental death during dam construction. It has also been suggested that earth-
quakes may be caused by dams in certain zones. Parasitic diseases have been 
reported in sonic communities affected by the change of irrigational practice 
after the impounding of river water, in comparative terms, however, health 
detriment caused by the production of hydroelectric power is very small. 

There are nearly 100 hydroelectric stations in India [18], including large 
stations, medium-size stations, and microhydro stations with capacity of only 
1 to 2 MW(e). The largest station in India is at Rhakra Nangal, with total installed 
capacity of nearly 1200 MW(e). The installed hydroelectric capacity for the entire 
country is nearly 11 GW(e). The hydropower potential of India is nearly 80 GW(e) 
installed, based on Ref.[3]. There is scope and urgent need for increased generation 
of electricity from this clean and renewable source. 

No systematic data are available for risk assessment of this source, nor have 
there been reports of major health problems. An earthquake with its epicentre 
near the Koyna hydroelectric dam, near Bombay, was reported to have been 
caused by the dam, but there has been no detailed study of this. 

3.5. Risk assessment for the development of nuclear power 

Several studies have been made on the relative risks from generating electricity 
by different methods, and it is generally concluded that nuclear power generation 
has the lowest component of associated risks [12.13]. This is mainly due to exten-
sive health and safety measures adopted in all stages of the nuclear fuel cycle. The 
safety record of the operation of nuclear power stations has been generally good. 

In the developing countries, the progress 0f advanced nuclear technologies 
is dependent on the progress of a conventional engineering base, both of which 
have shown a steady growth in India. Although nuclear power at present constitutes 
only a small fraction of the installed capacity, a large nuclear power programme 
has been projected in the national plan. The presently known reserves of uraniuni 
in India are not large, and extensive prospecting is continuing. Fuel availability 
may therefore not he an impediment in the development of nuclear power. With 
the development of breeder-reactor technology, including fast breeders and thermal 
breeders, even the known reserves of uranium and thorium would constitute an 
inexhaustible source of energy, and the advanced nuclear fuels will become coinpeti-
tive in the international market. I-Iealth and safety aspects of the production and 
use of nuclear power have developed considerably in India, and progress has also 
been made in engineering safety in the design and operation of nuclear power 
stations. 
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Nuclear power programmes have been launched by several developing countries 
which have signilicant commitment to this source of energy, in spite of severe 
constraints such as engineering infrastructure, skilled manpower and funding [19]. 

4. HEALTH AND FUTURE ENERGY STRATEGIES 

The above health assessment for different sources of energy provides a very 
good base for projecting future energy strategies for the developing Countries. 
Non-commercial sources used by rural communities present the greatest health 
hazard. The use of coal for commercial energy has also led to significant health 
detriment in the world population; new technologies for its use would ensure 
greater safety in future. However, in view of the high capital costs of introducing 
these new technologies, their adoption in the developing countries would be slow. 
in the future energy choices, it may be prudent to place greater emphasis on the 
renewable sources fdr rural populations and on advanced coal stations and nuclear 
power for the urban areas. Development of nuclear power has been slow, and 
significant commercial use of such stations would still take a few more decades. 
On a long-term basis, breeder-reactor programmes must also be developed. These 
choices will be examined in greater detail. 

The renewable sources, including solar energy, wind, tides and biogas, have 
limited potential for commercially-usable energy. Hydroelectric power potential 
is large in India and it can he economic in remote hilly regions by cutting down 
the cost of transmission lines. Biogas in rural areas may be a good alternative 
to burning firewood and farm wastes, but it cannot meet the entire energy needs 
for diverse applications. The energy from biogas may, in fact, be considered as 
a byproduct of a method of treating biological wastes and manufacturing high-
quality organic fertilizers. Their economic viability should not be judged merely 
On the basis of energy and manure output. 

4.1. Health and cost-effectiveness of energy choices and projections 

It is important that any strategy proposed for the developing countries 
must be cost-effective, in addition to improving health standards. The non-
commercial fuel is obtained essentially free of cost, and no cost/benefit analysis 
can be carried out for the alternatives in this sector. Emphasis should he placed 
on renewable and labour-intensive sources. The development of biogas plants 
is indeed a step in the right direction, and effort and investment in this source 
should probably he stepped up considerably. 

For cost- and health-effective future projections, due consideration must he 
given to past trends. Figure 2 gives the trend in the consumption of commercial 
energy in India during the period 1953-79 [3], including coal, oil and electricity. 
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F1G2. Trends in the consumption of commercial energy in india. 

The unit of measurement used in this graph is the coal replacement measure, 
which is generally used for energy-related issues in India. This unit takes into 
account the efficiencies involved in typical cases of substitution. The conversion 
factors are given in Ref.[3]. The consumption of coal excludes coal used for 
electricity generation; oil consumption excludes oil used for non-energy purposes, 
for electricity generation and in refineries; electricity consumption includes 
supplies from non-utilities and excludes transmission and distribution losses. 
Figure 3 gives the trend in installed electric capacity during 1960-79, with 
contributions from thermal, hydro and nuclear generation [3]. The dashed lines 
show extrapolation of the past trend. It is seen that there has been a nearly five-
fold increase in installed capacity in two decades, with the major contribution 
from coal-based stations. Against this background we can consider some suitable 
models for energy planning in the developing countries. 

4.2. Models for a cost- and health-effective energy mix for developing 
countries 

Energy systems with stringent pollution control may not be generally cost-
effective for developing countries. It is therefore necessary to develop models 
for an energy mix, so that optimization can be made for any country or region 
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FIG.3. Trends in the growth of installed electricity in India. 

with a given set of conditions. In this process of optimization, the health detri-
ment from a given system can be taken into account. Since quantitative data 
on health detriment for different alternatives are not available, a simple approach 
would be to divide the energy systems into categories on the basis of their per-
formance with regard to health. The following two categories may be assigned 
to the energy sources; 

I .rw dptrirnpnt 	 T-T'1i ii ptrirnent 

Natural gas 	 Direct use of coal 
Hydroelectric power 	 Coal thermal plants 
Biogas from farm wastes 	Firewood and farm wastes 
Nuclear power 	 Direct use of oil 

Depending on the availability of raw materials and technology, the optimized 
energy mix can be obtained by a simulation model, taking into account all 
possible inputs for each of the sources, including weighting for health detriment. 

Figure 4 gives past trends and future projections for energy supply through 
the year 2020 from different sources, including projections for electricity supply 
and different fuels used for industry, transport and household. The trends of 
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based on resource potential and environmental health considerations. Electrical energy (Ej 
forecasts are shown by dashed lines. The coni'ersmn factor from TW- h to coal replacement 
value for electrical energy is tal4en as unity (Ref[3]). 

energy supply for the decade 1970-80 have been used as the baseline for these 
projections. Due consideration has been given to a variety of complex factors. 
The environmental impact and supply limitations in the case of coal and oil have 
been taken into account in these projections. The general considerations for 
individual energy soLirces are explained below. 

In the case of oil, used mainly for the transport sector, the compounded 
growth rate of 5 1,',,.,  per annum is consiLiered up to the year 1990, reduced to 2% 
for the period 1990 1995, further reduced to 1% per annum from 1995-2000, 
and saturated during the period 2000-2005. From 2005 onwards, a reduction 
of 2% per annum is considered, up to the year 2020. This may be considered only 
a conceptual model which takes the resource limitation and constraints of import 
into account. It also takes into account the need for optimizing the consumption 
of oil for urban transport in order to reduce the air pollution problem. 

In contrast, an increasing growth rate has been projected for nuclear power. 
The past slow trend of growth increases on the basis of 10 000 MW(e) to the 

year 2000 projected in the national plan, followed by 6% compounded growth 
to the year 2010 and 10% growth rate to the year 2010--2020. This increase 
in nuclear power generation would considerably cut down the use of coal, oil, 
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firewood and agricultural wastes, thus making these resources available for non-
energy uses as well as improving the quality of the environment. After the establish-
merit of a strong industrial infrastructure for making the components of nuclear 
power stations, the anticipated growth should be achievable, and may even he 
exceeded. 

A fascinating part of the projections given in Fig.4 is the use of energy from 
biogas, starting with barely 0.4 X 10 I of coal replacement for the year 197980, 
a hundred-fold increase is projected through the year 2000, followed by the same 
trend. Such a growth would be possible through improved engineering of hiogas 
plants and large-scale use of village-level plants. Although the contribution of 
biogas to the overall energy consumption is very small, it has several advantages, 
as already detailed. 

In view of the large hydropower potential in India. 7% growth has been 
projected throughout, saturating at around 2010, when most of the hydro potential 
would have been utilizcd. Earlier utilization of hydro potential has advantages for 
health and environment because any delay in its utilization would mean burning 
additional coal and oil. The major constraints in the utilization of hydropower 
potential have been higher capital costs and very long construction time. 

The growth of electricity from thermal power stations, mainly based on coal, 
is also taken as 7% per annum up to the year 2000, when it saturates. Although 
the coal reserves of India are large, the high-grade coal required for power genera-
tion is limited and it would not he possible to support a continuous growth. In 
fact, a downward trend in the use of coal beyond the year 2000 is also likely. 

The rate of growth in the consumption of firewood has been 2.5% per 
annum during the period 1970-80. It is projected to decrcase to 1% during the 
I 980s and to continue up to the year 2000 when it levels up. It is anticipated 
that with the process of development, firewood plantations will be initiated on a 
large scale to conserve the forests, and indoor use of firewood would he replaced 
by more efficient fuel biogas to reduce the air pollution problem. In the rural 
areas, where sufficient waste firewood is available, its domestic use may be 
continued in well-ventilated dwellings. 

The direct use of coal in the steel industry, railways and other sectors is 
projected to increase only at the rate of 2% per year compounded, compared to the 
average rate of growth of 6% during the last two decades. This decrease in the 
rate of growth of coal consumption may be compensated by greater availability 
of electric power and increased use of electricity for transport and industry. 

The use of agricultural waste products, excluding animal dung, is projected 
to continue at the past rate. It is anticipated that utilization would be directed 
more towards brick-making industries, potteries. etc. 

The pattern of growth of energy depicted in Fig.4 is rather conservative. 
Savings in energy may also be effected by using newer methods of conservation 
for both electricity and direct fuels. This is particularly desirable for environment 
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and health. It is estimated that, by using conservation methods, 5-10% saving 
in the consumption of energy can be achieved, which is equivalent to the average 
projected annual increase in the production of energy. 

Figure 5 gives the growth of total energy production from different sources, 
based on Fig.4. It also includes the energy demand forecasts given in Rcf.[31, 
for different models. The projections based on Fig.4 give values in between those 
obtained from the models used by the Working Group on Energy Policy of the 
Planning Commission, Government of India [3]. 

There are several other interesting features of the forecasts projected in 
Fig.4. They are based on faster growth of electricity compared with other 
sources of energy, since this is a convenient form of energy for the consumer 
and it also permits better control of environmental pollution and less dependence 
on non-commercial fuels. The projected growth of hydro and nuclear power is 
faster than in the past. Although both require a strong technological base and 
heavy capital investment, they do not involve large-scale fuel transport. The 
projected growth of thermal power stations based on fossil fuels (mainly coal) 
is also fast up to the year 2000, for two main reasons. Firstly, this is at present 
the only source based on plentiful availability of fuel in the country, and, secondly, 
the industrial infrastructure has already been developed for these stations. With 
the development of a stronger technological base, faster nuclear power growth 
beyond 2000 as projected in Fig.4 can then be achieved. 

Faster growth of electricity is particularly good for overall reduction of the 
health detriment caused by the use of energy in all forms. The changed scenario 
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in the year 2020 as depicted in Fig.4 shows less dependence on coal, oil, firewood 

and farm wastes, and complete absence of the use of dung as direct fuel. Plentiful 

biogas would be available from the treatment of dung and farm wastes, and this 

could he used as a source of energy, in addition to improving sanitation in the rural 

areas. 

CONCLUDING REMARKS 

In the long-term use of fossil fuels, we should also consider the problems 

of increase in atmospheric CO 2  and the resulting increase in temperature. The 

direct release of waste heat in the water bodies and atmosphere is an additional 

constraint in the use of fossil and nuclear fuels. These problems have to be 

viewed in terms of long-range global use of energy. Although the renewable 
energy sources do not present these problems, they have only limited commercial 

energy potential. Therefore, the use of fossil and nuclear fuel must he optimized 

with due consideration to health and environment. In this regard, energy con-

servation must be equally borne by the developing countries and by the industrially 

advanced nations. Innovations in energy conservation may be considered as im-
portant as the development of new technologies for energy generation. 

ACKNOWLEDGEMENT 

I wish to thank Dr. M.C. Subba Ramu for useful discussions and help in 

preparation of the figures. 

REFERENCES 

[11 US ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION, U.S. Energy 
Consumption Patterns, Rep. ERDA-48, Vol.1 (1975). 
THE TIMES OF INDIA DIRECTORY AND YEAR BOOK, "Energy", Times of India 
Annual Publication, Bombay (1980/81) 95. 
GOVERNMENT OF INDIA PLANNING COMMISSION, Report of the Working Group 
on Energy Policy, New Delhi (Nov. 1979). 
PARIKH, 1K., Environmental Problems in India and Their Future Trends, Rep. Dept. 
of Science and Technology, Government of India (1976). 

[51 CHATTERJEE, S.K., Nati. Inst. of Occupational Health, Ahmedabad, India, private 
communication (1981). 
WORLD HEALTH ORGANIZATION, Prevention and Control of Pulmonaxy Hyper-
tension, Report of Inter-Country Seminar, New Delhi, 15-19 Oct. 1979, p.4. 
PADMAVATI, S., ARORA, R., Br. J. Dis. Chest 70(1976)251. 
SULtANA SIWATIBAU, Rural Energy in Fiji, International Development Research 
Centre, Canada, Rep. No. DRC-157e (1981) 5--lI. 



VOHRA 

1 9 ] GOVERNMENT OF iNDIA, Indian Livestock Census, Ministry of Agriculture Rep. 
New Delhi (1966). 

[10] SI-IARMA, ME., Khadi Gramodyog Journal, Bombay 27 (1980) 145. 
[111 GOVERNMENT OF INDIA, India 1980,   Ministry of Information and Broadcasting, 

Annual Publication, New Delhi(1980) 276 -93. 
VOHRA, 1(.G., "A perspective on the radiation protection problem and risk analysis 
for the nuclear era", Nuclear Power and its Fuel Cycle (Proc. Int. Conf. Salzhurg, 1977) 
Vol.7, IAEA, Vienna (1977) 295. 
POCHIN, FE., Phys. Technol. 1](1980) 98. 
GEOLOGICAL SURVEY OF INDIA, GSI News, Vol.3, GSI Press, Calcutta (April 1972) 
6-7. 

[151 KAMAT, SR., Prospective Study of Jlealth Morbidity, Rep. Dept. of Chest Medicine, 
K.E.M. Hospital, Bombay (1979). 

16] MOHAN RAO, A.M., VOHRA, KG., Atmos. Env. 9(1975)403. 
[171 JOIINSON,R.I1., Jr., BERNKARDT,D.E., NELSON,N.S., CALLY,IT.W.,Jr., 

Assessment of Potential Radiological Health Effects from Radon in Natural Gas, US EPA 
Rep. 52011-73-004(1973) 51. 

[181 (VADILAL DAGLJ,Iidi, Power Projects in India, Commerce 135 34'5 (1977) 203. 
[19] INTERNATIONAL ATOMIC ENERGY AGENCY, Nuclear power in developing 

countries, !AEA Bulletin 19 (1977) 27. 

DISCUSSION 

E. EL-i-Il NNAWI : The health implications of non-commercial Sources of 

energy are not as simple as you suggest. There arc, for example, health hazards 
associated with firewood collection snake-bites, scratches, wounds and so on 
and the operation is mainly carried out by women and children. On the other 
hand, burning agricitif ural wastes and firewood is a Common practice in many 
villages to repel mosquitoes and flies. This reduces the incidence of malaria and 
also the amount of insecticides imported, with the result that t he environmental 

consequences of these chemicals are lessened. 
There is, therefore, a need for careful assessment of the health implications 

of non-conimercial sources of energy cost/benefit analyses of present practices 

should be made, and new methods of reducing hazards should he studied. 

K.G. VOHRA: These general comments are valid, particularly when we 

are considering a wide spectrum of rural areas in the developing countries. 

A.K. BISWAS (Chairman): Dr. El-Hinnawi has raised an important point 
concerning both the accuracy of the methodologies applied to estimate the use 

of non-commercial sources of energy at national levels and the health risks 

associated with such uses. Most such estimates should be seen at present as 
no more than the best informed guesses available, which must be continually 

updated as further data are collected. A number of the health risks accruing 

from the use of non-commercial energy sources are currently under consideration, 
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but certainly not all. For example, in Africa women and children undertake 90% 
of journeys to collect firewood and water 	Dr. El-Hinnawi has in fact just 
referred to this kind of thing. They are thus more exposed to health risks than 
men. Though significant health risks are associated with these journeys, they 
are seldom considered since quantitative data are not available. A recent study 
estimated that the incidence of Gambian trypanosomiasis could he reduced by 
80% if journeys to collect firewood and water were eliminated, and the main 
beneficiaries would be women and children. While I personally consider the 
estimate to be somewhat on the high side, the health risks involved are undoubtedly 
considerable. Attempts should thus be made to incorporate tl1esc risks in future 

analyses. 
S.R. BOZZO: Studies of the incidence of rheumatic fever, which can give 

rise to cur pulinonale have been conducted in fural India to explain the high 
incidence of the latter. Was there a correlation with rheumatic fever in the studies 

you discussed? 
K.G. VOHRA: No. The studies I discussed were not correlated with 

rheumatic fever. 
B. SRENSEN: Could you indicate the total accumulated occupational 

man-rem exposures for the civil nuclear programme in India? 
K.G. VOHRA: They are well below the levels set by the International 

Commission on Radiological Protection. 
I.M. TORRENS: In many villages in India and Nepal, indoor air pollution 

which is due to the burning of norm-commercial fuels and which gives rise to lung 
and eye diseases could be largely controlled by raising the primitive level of 
technology used - for example by building ciumneys in houses instead of having 
only a hole in the roof. In these circumstances, would it not be wiser to concen-
trate manpower and financial resources on helping to raise the educational and 
technological level rather than on epidemiological analysis'? The latter is normally 
used to detect a correlation, while in this case the problem and the solution are 

evident. 
K.G. VOHRA: In rural areas where building material is available. houses 

are provided with chimneys. The problem mainly exists in the remote rural 
areas where material is scarce and houses are constructed with mud walls and 
thatched roofs, and normal chimneys cannot be built. Arrangements for ventila-
tion are improvized and are not efficient. 

With massive rural education programmes, improvements are taking place 
in many rural areas. In several of these areas, even non-commercial resources are 
scarce and cannot be used extensively for making construction materials such 
as bricks or wood panels to build houses with efficient chimneys. Clearly, the 
epidemiological studies for the rural areas I mentioned are not suggested as an 
alternative to the educational and technological developments which are taking 

place. 
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Abstract 

ASSOCIATION OF COAL, ATOMIC ENERGY, SOCIO-ECONOMIC AND OTHER 
ENVIRONMENTAL VARIABLES WITH TI-IF. RISK OF DYING. 

Death rates have been calculated by cause, age, sex and race for each county, state 
economic area, and other groups of counties of the USA for the period 1959 to 1976, 
data being obtained from official sources. Attention has been given to appropriate methods 
of using these rates for epidemiological study. Within the USA there are marked and 
consistent differences in death rates for middle-aged white males: low in the west central 
plains area and high in the south-east coastal plain, if the USA as a whole had rates as low 
as in the low-rate areas, there would be 160000 fewer deaths per year under the age of 75. 
Coal- and metal-mining is strongly associated with high rates for middle-aged females as 
well as males. The residents of an area around a nuclear plant, after 22 years of exposure to 
low levels of radiation from this plant, do not show clear evidence of either decreased or 
increased risk, for various forms of cancer and other causes, as compared with rates for 
those living further away in the same states, or as compared with US rates. In the USA, 
persons living at higher elevations tend to have lower death rates. A number of factors may 
be hypothesized as being responsible for these lower rates, including the higher levels of 
background radiation at higher elevations. Many other factors also present evidence of 
being associated with differences in risk, including cigarette-smoking and various socio-
economic or cultural variables. 

INTRODUCTION 

There are substantial variations from one area to another within the USA 

in the risk of dying 	presented in reports by the US National Center for 

I-lealth Statistics (NCHS) and others [1-6]. Our previous reports also show 

marked geographical differences in the risk of dying, also using age-sex-race 

specific and age-adjusted death rates [7-9]. 

For all diseases combined, death rates for white males age 3 5-74 show 
marked differences, with the highest-rate areas in south-eastern USA in some 

instances experiencing a risk 35-100% greater than that in the lowest-rate 

areas (Fig. I). For several different time periods, our calculations have repeatedly 
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shown that, if the factors responsible for the lowest death rates could be 
identified and if the USA could thereby achieve the low mortality experience 
of these lowest-death-rate areas, there would he 160 000 fewer deaths per year 
under the age of75 [Sl0]. 

Our concern is with the general question: what are the environmental 
factors causing these differences in death rates? More specifically, is there an 
association with the risk of dying of factors such as coal-mining, metal-mining, 
radiation from atomic energy or nuclear plants. elevation above sea level, 
socio-economic and other factors? 

2. MATERIAL AND METHODS 

2.1. Mortality 

Data on each death were obtained from death detail tapes from NCIIS 
for each year from 1962 to 1976 and tabulations made by us. For 1959 to 1961 
and 1949 to 1951, counts were obtained from CNHS and other US Public 
Health Service offices. We obtained tapes containing population data from the 
US Bureau of the Census. 

Emphasis has been placed on white death rates by sex for ages 
35 to 74 age-adjusted by 10-year age groups by the direct method. to control 
for variations in age distribution from one area to another. Age 35 to 74 has 
been selected to maximize geographic differences along with minimizing 
standard error. For white males, the rates for the areas for the 18-year 
period 1959 to 1976 used for Fig.1 have, on the average, a standard error of 
less than 1 17r; of the rate. A similar map for white females (Fig.2) is based on 
rates with standard errors averaging about 1% of the rates. 

We have also calculated death rates for more than 50 causes of death, 
by age, sex and race, for each state, county and state economic area (SEA) 
of the USA, consisting of (a) 207 metropolitan areas within states and 
(b) 303 groups of similar non-metropolitan counties, as defined by the 
Bureau of the Census [11]. 

Substantial consideration has been given to possible systematic error or 
bias. Procedures have been developed and applied to minimize such possible 
error, particularly for handling cause of death, age, and usual residence 
problems [3, 9, 12, 131, 

2.2. Other variables 

Socio-economic and other data have been obtained from the Bureau of 
the Census, NCHS and other sources. 
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The hypothesis that mining or history of mining is associated with high 
death rates was suggested by the high rates in the east central Pennsylvania 
coal-mining areas for 1949 to 1951 and other early studies (Fig.3). Counties 
in the sample were chosen on the basis of their rates, 100 lowest rate, 100 nearest-
the-median rate, and 100 highest rate. The geologist participating in the study 
classified each county as to mining status, without knowledge of its death-rate 
status [9, 14j. 

Analyses of the closeness of the associations of many independent 
variables with various death rates have relied heavily on the product moment 
or Pearsonian coefficient of correlation, r, on multiple correlation, R, 
and chi-square. 

RESU LTS 

3.1. Mining 

Of the 100 counties with the highest death rates for all causes for either 
sex, whites age 35 to 74, for 1959 to 1969. 35 were classified as moderate 
or heavy mining or history of mining (coal or metal) while of the 100 lowest-rate 
counties (not shown) only three were so classified (Fig.4) [14]. This is obviously 
a statistically significant contrast by any conventional standard. Of these 
35 high-rate counties with substantial mining, 29 were selected on the basis 
of the female rates and 15 on the basis of the male rates . Since mining is 
primarily an occupation of males, and female rates are even more clearly 
associated with mining than are male rates, the association, whatever it may be, 
is more than just occupation. 

3. 1.1. Coal rn/fling 

Of the 35 highest-rate counties classified as having substantial mining, 
14 are coal-mining counties, of which 13 were identified on the basis of their 
high rates for females for 1959 to 1969. In counties with small to 
moderate populations there will obviously be considerable chance fluctuation 
or standard error. Yet in the period 1968 to 1972, all 14 counties had female 
rates placing them among the 10% highest in the USA, and in the more recent 
period, 1973 to 1976, 13 of the 14 counties were in the '10 11c highest' group 
versus an expected 1.4 counties if death rates were randomly distributed by county. 

Five of the counties were in the higliest 3% of the rates for each sex for 
1973 to 1976 whereas, by chance, the expected number would he only 0.4 of 
a county. A further observation: of the 14 highest-rate counties classified 
as coal, in the period 1959 to 1969 only five were selected on the basis of the 
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rates for males, but in the period 1973 to 1976 there were still five counties 
with male rates in the highest 3 11c. 

Natural causes, or all diseases combined, show a stronger association with 
mining than do any of the major specific causes. However, the cardiovascular 
diseases show a stronger association than do malignant neoplasms. 

Further study is needed to determine the relevant causal factors producing 
this association, such as chemical content of the drinking water, possible air 
pollution, inhalation and ingestion of specified particulates, among others. 

3.2. Atomic energy 

The residents of counties surrounding the Savannah River Plant (SRP) 
have been exposed to whatever radiation may emanate from a nuclear plant 
since the beginning of 1955 - prior to the operation of any nuclear power-
generating plant in the USA (Fig.5). It is our understanding that the radiation 
from this plant is similar to that from a nuclear electricity-generating plant 
and provides an increase of only a very small percentage of the background 
radiation in this area. Our approach is to measure the actual risk of dying 
for the usual residents of this area, compared with the corresponding death 
rates for those living in Georgia and South Carolina,50 to 99 miles and further 
from SRP, and with US rates. Thus, our method of measurement is independent 
of measures monitoring radiation. 

3.2. 1. Breast cancer 

Female breast tissue has been described by Upton as probably the human 
tissue most sensitive to radiation (Fig.6) [151. Yet for metropolitan Augusta, 
consisting of Richmond County, Georgia, and Aiken County, South Carolina, 
the breast cancer rates are clearly lower than the US rates. The contrast is 
even greater for non-metropolitan counties within 50 miles of SRP. The 
Augusta area and the nearby non-metropolitan counties each have slightly 
lower rates than do the corresponding areas 50 to 99 and 100 to 149 miles 
from SRP, but this difference is too slight to be statistically significant. 

3.2.2 Respiratory cancer 

Death rates for cancer of the respiratory system for white males have 
been rising more rapidly and are higher in the south-east than in the USA as 
a whole. That is, the rates for Macon and Columbus (each more than 100 miles 
from SRP) and for Augusta have been rising rapidly. The high rates for 
individual non-metropolitan counties also presents a pattern of independence 
of distance from SRP [6]. 
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FIG.5, Environs of the Savannah Ricer Plant (SRF). 
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FIG6, Breast cancer death rates for white females aged 35 to 74 by distance from 
Savannah River Plant (SEP). 
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TABLE 1. STANDARD MORTALITY RATIOS, NON-RESPIRATORY 
CANCER, WHITES, AGE 35--74 
(US rate for each group = 100. 0) 

Area and sex 1959 -61 1968 	72 1973-76 

Metropolitan Augusta 

Male 101.5 95.2 101.6 
Female 85.8 100.7 101.0 

Non-metropolitan, 
within 50 miles of Savannah River Plant 

Male 83.6 92.9 963 
Female 81.3 81.5 82.0 

For blacks and for white females in non-metropolitan counties near SRP, 
the respiratory cancer rates are rather consistently less than the US rates. 

The pattern of respiratory cancer rates in relation to SRP is thoroughly 
confusing to us. We have controlled, in appropriate demographic-epidemiological 
ways, for age, sex and race. We do not at present have data on cigarette-smoking 
patterns by age, sex, race and county. In view of the strength of igarette-
smoking as a risk factor for respiratory cancer, shown in many hundreds of 
studies, it appears important to us to control for this factor also before 
endeavouring to measure the impact of other factors, such as radiation. 

32.3. Von-respira tory cancer 

Death rates for all forms and sites of malignant neoplasms except respiratory 
(or non-respiratory cancers as a group) have rates for different time periods 
similar to or less than the US rates, as shown by the standard mortality ratios 
in Table I, with the US rates in each instance given a value of 100. Metropolitan 
areas generally have rates 47c or 5% higher than US rates 9]. Thus, the 
metropolitan Augusta rates in each instance are slightly lower than would be 
expected for a metropolitan area. 

Rates for leukaemia, thyroid and bone cancer, as well as for other sites, 
have been analysed separately for three time periods [16]. Because of 
the small numbers of deaths and the resulting high standard errors, it has thus 
far been impossible to establish a clear relationslup of either decreased or 
increased risk for specific sites of cancer for persons living near SRP. 
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TABLE. II. STANDARD MORTALITY RATIOS FOR 
CONGENITAL ANOMALIES 
(US rate for each group = 100.0) 

Area, race and sex 1959 	61 1968 	72 1973 	76 

Metropolitan Augusta 

White male 60.0 82.1 153.6 
White female 106,9 114.7 98.3 

Black male 46.2 146.4 40.0 
Black female 102,7 1113 96.8 

Non-metropolitan, 
within 50 miles of Savannah River Plant 	I 

White male 116.4 100.0 87.0 
White female 101.1 101.5 91.7 

Black male 51.6 95.2 114.7 
Black female 80.0 81.7 146.0 

3.2.4. (oiigenital anomalies 

Rates of congenital anomalies or birth defects are summarized by the 
standard mortality ratios in Table. 11, as was done for non-respiratory cancers. 
The number of such ratios under 100 is exactly equal to the number of ratios 
over 100. Even the highest ratio for white males for the Augusta area, 1973 
to 1976, more than 50% in excess of what was expected, is not quite statistically 
significant (p > 0.05). And for the same area, same time period, black males 
have a ratio of only 40% or 60% below what was expected. Analyses of these 
rates for areas near SRP with corresponding areas in Georgia and South Carolina 
further from SRP do not present a clear picture of either decreased or 
increased risk. 

Analyses of rates for the category 'other infant mortality' present an 
equally confusing picture. 

3.3. Elevation 

Elevation above sea level (see Table III) has consistently shown a substantial 
negative correlation with the risk of dying - the higher the elevation, the lower 
the risk. 
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TABLE III. CORRELATIONS OF SOCIAL INDICATORS AND DEATH 
RATES, WHITE MALES, AGE 35 TO 74, 1965 TO 1972 

Natural Cardiovascular-renal Stroke Cancer 
causes 390- 458 

_000-796 592594 430-438 140 	209 

Education, median I 	-0.28 -0.28 -0.25 

(n 	617 co.) 

Income, median -0.28 -0.26 -0.25 
(n = 617 co.) 

Dependent childrcn +027 +0.16 +0.14 
(n6l7co.) 

Population density +0.20 +0.12 +0.28 
(n= 508 SEA a) 

Elevation -0.39 -0.43 -0.32 -0.55 
(n= 508 SEAs) 

* AFDC (aid to families with dependent children per 1000 population). 

In the map previously shown for 1949 to 1951 death rates tFig.3), the 
ten lowest-rate areas have elevations higher than the highest-rate areas with 
one exception; the coal-mining areas of east central Pennsylvania, with high 
death rates, are at an elevation approximately equal to the lowest elevations of 
the low-rate areas, The lowest-rate areas for the most part may he described 
as 'high-plains' areas, generally at elevations of 300-2000 m. The lowest-rate 
areas in Colorado and some of those in Utah are not in the mountains, even 
though we think of those states as being in the Rocky Mountains. 

We have not yet clearly identified the factors associated with elevation 
that are responsible for this pattern of lower risk. The Canadian provinces of 
Saskatchewan, Alberta and Manitoba have the 'owest rates in Canada - thus 
continuing the pattern seen in the USA. Various geochemical, hydrological and 
atmospheric science hypotheses show a degree of promise, but for the variables 
for which we have so far been able to obtain data, the correlations with the risk 
of dying are lower than just elevation with death rates. European death rates 
do not show such a clear pattern of association of low rates with high elevations. 
For example, the Netherlands generally have extremely low rates for middle-aged 
males, for cardiovascular diseases and for all diseases combined 181. 

At higher elevations, including the areas with low white male death rates, 
the background radiation is several times as great as the background radiation 
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TABLE IV. CORRELATIONS OF RATES, HEALTH RESOURCES AND 
DEATHS, WHITE MAIlS, AGE 35 TO 74, 508 SEAs, 1968 TO 1972 

Natural 	Cardiovascular-renal 
	

Stroke 	Cancer 

Physicians (all) —0.20 +0.31 

General practitioners —0.36 	—0.29 —024 —0.30 

Days hospitalized +0.17 +0.22 

Nurses —0.22 +0.24 

Dentists —0.24 	—0.32 —0.40 

in the south-east coastal plains, the large area with very high rates [17]. This 
association has been recognized to exist for cancer, but it may be stronger for 
the cardiovascular diseases 118, 19]. It is obviously desirable for us to obtain 
satisfactory estimates of background radiation by state economic areas in order 
to test more thoroughly the hypothesis that hormetic doses of radiation are 
associated with lower risk of death due to the cardiovascular diseases and 
other chronic diseases. 

3.4. Socio-economic variables 

Many socio-economic or cultural variables, along with the chemical content 
of the drinking water, atmospheric science and geochemical variablespresent 
us with an abundance of moderate to low-level correlations which are statistically 
significant (p <0.0001), primarily because our analyses are based upon such 
a large number of areas, in most instances 500 or more (Table III). 

Median income presents a low, negative correlation with white male death 
rates - the higher the income, the lower the death rate. But questions may 
be raised, such as: What is associated with higher income? if the higher income 
is used to purchase cigarettes, to eat an excessive number of calories and 
saturated fats, and to refrain from exercise, is it reasonable to expect even the 
low negative correlations shown? 

With increased population density, there is a slight tendency toward 
higher death rates, for natural causes and for cancer, being statistically significant 
(p <0.0001). Yet, to what extent is population density a socio-economic 
variable and to what extent is it an index of air pollution and other physical 
science variables? 

Patient-care resources present some puzzling problems in analysis (Table IV). 
Cancer death rates show a positive association with physicians (including 
specialists) per thousand population, but a negative association with general 
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TABLE V. CORRELATION, 37 iNDEPENDENT VARIABLES WITH 
WHITE FEMALES, AGE 35 TO 74 

Cardiovascular-renal diseases 	 Multiple 
R 

Per cent not moving last five years 0.62 

Per cent professional, managerial or farming 0.70 

Median family income 0.77 

Per cent 'walked to work' 0.81 

Per cent manufacturing, mining 0.84 

Median education 0.86 

practitioners per 1000 population. Other correlations suggest that this puzzling 
association is primarily due to the tendency for metropolitan areas to have 
both higher cancer death rates and higher rates of physicians (including 
specialists) per 1000 population [91. 

4. ANALYSIS OF VARIABLES 

More work is needed in the application of multiple regression and other 
techniques, but this implies: 

Developing indices that actually measure the variable we wish to measure, 
for various areas; 
Collecting data from many sources for the same geographic areas; 
Recognizing the interrelationships or confounding effect of many variables; 
Developing models that are compatible with existing data, rather than 
depending solely upon the general model built into a computer program. 

For the 92 large metropolitan areas, we have been able to collect data on 
more than 100 variables, from which we selected the 37 with the highest 
correlations: 10 drinking-water variables; 10 weather or atmospheric science; 
2 geographic; and 15 socio-economic or cultural variables, which served as 
the independent variables, and the cardiovascular-renal diseases death rates 
for white females as the dependent variable (Table V). The first six variables 
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picked by the program as contributing most to the correlation were all socio-
economic. None was either drinking-water or weather variable. Yet these six 
variables had a correlation of 0.86, and R 2  is 0.74, indicating that 745-  of the 
differences in white female rates from area to area are associated with these 
six variables. Parallel correlations for white males produced similar but 
slightly less dramatic results. 
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DISCUSSION 

B. SçJRENSEN:  Would it not have been better to discuss coal-mining 
regions and uranium-mining regions (and milling sites) rather than compare 
coal-mining with uranium reactor operation'? 

H.I. SAUER In our sample of 300 counties, the geologist classified only 
four as being the scene of heavy or moderate uranium mining, two of which 
were among the 100 lowest-death-rate counties and two among the 100 near-
median-death-rate counties; none was among the 100 highest-death-rate 
counties. He also reported a small amount of uranium mining, which he 
considered unlikely to have an effect upon the health of the residents, for 
eleven additional counties; of these eleven, four were lowest-rate counties, 
two near-median-rate counties, and five highest-rate counties. However, all 
five of these highest-rate counties also had heavy or moderate mining of several 
other metals or of coal. 

Thus, at present, neither uranium-mining nor reactors appear to be 
associated with high-death-rate counties, 
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Abstract 

DATA RESOURCES FOR ASSESSING REGIONAL IMPACTS OF ENERGY FACILITIES 
ON HEALTH AND THE ENVIRONMENT. 

Atmospheric emissions from fossil-fuel power plants and other sources continue to cause 
concern about impacts of these pollutants on human health and the environment. Assessing 
these impacts requires a regional-scale approach that integrates spatial and temporal patteros 
of emissions, environmental factors and human populations. Two examples of regonal studies 
are presented, including a comparison of patterns of coal4irect power plants and selected 
diseases and identification of areas sensitive to acid rain which may transfer acid and toxic 
metals to aquatic systems and man. Energy, socio-economic, health and environmental data 
are often collected and summarized for counties in the USA. Counties are well-defined 
geopolitical units which can be used to integrate data, to aggregate data into larger regional 
units, and to display data as thematic maps. However, researchers are too frequently faced 
with the tedious task of assembling and reformatting files from several data-collection agencies 
prior to conducting regional studies. Systems such as UPGRADE, DIDS, SEEDIS and 
Geoecology have standardized many files into integrated data bases which utilize counties as 
the primary spatial unit. These systems are compared and data resources discussed. 

I. INTRODUCTION 

Energy production requires governments to make choices as to 
the development of alternative resources and technologies. Scientific 
and public concerns about large-scale, non-site-specific effects of 
energy production on human health and environmental quality have 
resulted in regional assessments of potential energy-related impacts. 
Such integrated assessment and planning requires the availability of 
data on energy production and emissions, environmental resources, 

* Research sponsored by the Office of Environmental Assessments, US Department of Energy. 

under Contract W-7405-eng-26 with Union Carbide Corporation. 
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human population, health, and other factors in compatiale formats and 
spatial scales for large geographic areas. This paper discusses the role 
of regional studies and available data resources for addressing 
energy-related impacts on human health and the environment. 

2. REGIONAL STUDIES 

Over the past decade, there have been an increasing number of 
studies in which several variables are integrated over large geographic 
areas. Contributing to the increased number of regional efforts has 
been the increased awareness by the scientific community and funding 
agencies that some problems, such as acid rain, need to be addressed at 
a regional scale. 

Computers have also been a key factor in facilitating regional 
studies. Data management systems allow large files to be stored and 
easily merged for analysis. Statistical packages, such as the 
Statistical Analysis system [11, also are readily available to perform 
necessary analyses. Computer-generated maps are easy to produce 
without extensive cartographic training. Currently, computers can 
produce high-quality, color-thematic maps quickly and at low costl. 
Collections of thematic maps published ar identical scales, such as the 
atlas of cancer mortality [2], have helped stimulate integrated studies 
to explain spatial patterns in thematic maps. 

A regional approach is useful for planning, impact assessment, 
and hypothesis generation. Regional planning studies may involve 
identifying candidate sites based on many factors. Many sites can be 
quickly screened so that the site-specific selection process is 
significantly reduced. Impact assessment at the regional scale can 
incorporate the long-range transport and cumulative aspects of 
energy-related emissions. Such studies can be used to identify 
sensitive areas or populations at risk, and, as dose-response 
relationships are established, estimates of potential impacts can be 
made. Comparing spatial patterns by overlaying maps often suggests 
relationships between various factors. The results of such a study can 
be used to design more detailed studies to test these hypotheses. Maps 
generated for regional analysis are also extremely valuable in editing 
spatial data. 

Hypothesis - testing and epidemiologic investigations cannot be 
adequately addressed by currently available county-level data. In 
general, regional data bases have not been designed for epidemiological 
studies. They do not contain individual exposure data or time series 
data adequate for diseases with long latency periods [3]. 
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3. INTEGRATED SYSTEMS 

Integrated systems have been developed which combine data from 
several thematic areas for regional analysis [4]. Systems include 
UPGRADE (User Prompted Graphic Data Evaluation), Council on 

Environmental Quality (CEQ); SEEDIS (Socio-Economic, 
Environmental, Demographic Information System), Lawrence Berkeley 

Laboratory (LBL); DIDS (Decision Information Data System), U.S. 
Department of Commerce; and Geoecology, ORNL. Other less 
formalized systems exist at Argonne National Laboratory (ANL) and 
Brookhaven National Laboratory (BNL). All of these systems have 
county-level, integrated data bases; national coverage; energy, 
environmental and health data; computer graphics, including mapping; 
and statistical analysis capabilities. This section compares the general 
capabilities of the systems and describes the Geoecology system in 
more detail. Sources of thematic data and county cells, which are key 
features of the integrated systems, are also discussed. 

3.1. System Comparisons 

Each of the systems has its own strengths and special features. 
Geoecology emphasizes developing county-level environmental files 
while utilizing readily available software. UPGRADE, DIDS and 
SEEDIS have all developed extensive software. UPGRADE has 
user-oriented interactive retrieval and display capability; DIDS has 
quick-response interactive color-mapping capabilities; and SEEDIS has 
extensive spatial-analysis capabilities. SEEDIS can aggregate or 
disaggregate data at one spatial scale to relate to data at other 
scales. Although J3NL and ANL do not have as extensive formal 
systems, they have data collections that are routinely integrated, 

analyzed and displayed. 

Although these systems share many common data sets and 
capabilities, each system has evolved with slightly different 
orientations. The national laboratories (ANL, BNL, LBL and ORNL) 
have developed resources as required to perform research funded by 
the Department of Energy, and generally have limited capabilities to 
provide support to other groups. UPGRADE primarily provides support 
for producing the CEQ annual report. It has been used to study 
relationships between air and water factors and human health. Other 
federal agencies are using UPGRADE, and the system is accessible 
commercially from Sigma Data Computing Corp. DIDS is oriented to 
decision makers in the federal government and currently contains 

demographic and socioeconomic data. The Geoecology Data Base 
contains primarily environmental data, although demographic, 
socioeconomic, energy and health data are available. The SEEDIS data 
base contains demographic, socioeconomic, health and air- quality 

data. Both UPGRADE [5, 6, 7] and Geoecology [g] have recently 

published system documentation. 
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3.2. Geoecology Data Base 

As discussed above, the Geoecology Data base [S] is typical of the 
integrated systems having an extensive data base for regional studies. 
A standard set of 3071 county units for the conterminous United States 
is used with some data available for subcounty units within larger, 
more diverse, eastern counties. The Geoecology Data Base contains 
selected data on terrain and soils, water resources, forestry, 
vegetation agriculture, land use, wildlife, air quality, climate, natural 
areas and endangered species. Additional files on human population, 
health, energy and socioeconomic factors are also included. Data are 
stored in metric SI units. 

The data base can be accessed in either batch or interactive 
modes utilizing the ORNL/IBM computer system. The Statistical 
Analysis System [1] is used for data management, retrieval, analysis 
and display, including both x-y plots and maps. Maps are also generated 
from the data base using independent computer- mapping programs. 
Currently the Data Base consists of approximately 125 SAS data sets 
containing over 2000 data elements and uses 40 million bytes of online 
storage. Copies of the Geoecology Data Base have been distributed on 
magnetic tape either as SAS format files or as EBCDIC files. The 
Geoecology Data Base became operational in 1975 with primary funding 
from the Office of Environmental Assessments, U.S. Department of 
Energy. 

3.3. Spatial Cells 

In general, the most commonly used spatial cell in the United 
States for health, socioeconomic, environmental and energy data is the 
county. Counties can be used to integrate data, to aggregate data into 
larger regions, and to display data as thematic maps. There are 
approximately 3100 counties depending on how independent cities, 
Alaska, and Hawaii are treated. Counties average 250 000 km 2 . Some 
advantages of county units are: well-established and relatively 
permanent geopolitical units; common unit for state and national data 
collection; relatively uniform in size in the east; often used as 
management units for policy; and county outlines available in 
computerized form. Disadvantages include: names or boundaries 
change occasionally; different county identifier codes are used by 
various agencies; large and heterogeneous counties do occur; and 

independent cities representing urbanized administrative areas are not 
treated uniformly. 

3.4. Data Resources 

Many federal agencies collect county-level data to fulfill their 
specified missions. Inventories of these spatial data files, including 
data set descriptions and contact names, are available from many 
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agencies [s€e 9, 10, 11, 121. In addition, the proceedings of the 1950 
Integrated County-level-data Users Workshop [4] contain an inventory 
of county-level data. 

UPGRADE, DIDS, SEEDIS and Geoecology are routinely 
expanding their data bases by rigorously selecting and screening data 
from larger data bases (e.g. the EPA STORET water-quality data base) 
to create standardized files. Data extraction, editing and 
reformatting are tedious tasks. SEEDIS has created a very useful air. 
quality data base from EPA/SAROAD data, while BNL has developed 
emissions data from the EPA/N EDS file. UPGRADE has extracted 
several water-quality data sets from STORET files. Geoecology has 
estimated county-level climatic parameters from the NOAA weather-
station files. 

There is considerable interaction between the integrated systems 
groups. Copies of many of the Geoecology files have been distributed 
to the other national laboratories and to UPGRADE. ORNL has 
received data files from ANL, FNL, LBL and UPGRADE which have 
been incorporated into the Geoecology Data base. 

4. ASSESSMENT OF ATMOSPHERIC POLLUTANTS 

Currently, one of the most popular topics for regional analysis is 
assessing impacts of acid rain on human health and the environment. 
Acid rain is the product of many sources, both natural and 
anthropogenic, with the precursors often being transported over state 
and national boundaries. Coal-fired power plants emit major amounts 
of sulfur dioxide and particulates, while other industries and 
automobiles contribute significant amounts of these plus nitrogen 
oxides and hydrocarbons. Regional studies of 'acid rain" generally 
consider impacts of these pollutants along with acid deposition, either 
in dry or wet forms. because acid rain is related to energy production 
and covers large geographic areas, several studies at ORNL have used a 
regional approach to assess potential impacts of these atmospheric 
pollutants. 

4.1. Sulfur Dioxide and Particulates 

A study of energy development on rural health in the southeast 
was conducted by Parzyck and others [13] of the ORNL Health and 
Safety Research Division. This study considered the location of energy 
facilities in the southeast and ambient levels of sulfur dioxide and 
particulates. The study integrated data on energy-facility siting, air 
quality, population and mortality with a series of computer-generated 
maps as the primary output. Sulfur dioxide levels were generally higher 
in states where the distribution of coal-fired power plants was 
localized, whereas total suspended particulates were not correlated 
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well with energy facilities. Mortality rates for chronic respiratory 
disease and acute ischemic heart disease were mapped relative to the 
location of coal-fired power plants (Figs I and 2). Mortality rates 
were expressed in standard deviations calculated by combining counties 
of similar population density. 

In general, no strong relationship between either chronic 
respiratory disease or acute ischemic heart disease and coal-fired 
power plant locations were found [13].  As the authors point out, these 
results do not eliminate the possibility of such a relationship but 
represent a first step in examining potential energy-related health 
impacts. 

4.2. Acid Rain 

One of the indirect impacts of acid rain on human health relates 
to the release and transfer of toxic metals from soils and bedrock into 
watersheds and the subsequent transfer of these metals into drinking 
water. Toxic metals include aluminum, cadmium, copper, lead and 
mercury. Human exposures to these metals can result from consuming 
contaminated water or fish. 

A regional approach was used to identify sensitive areas in which 
soil and bedrock characteristics are such that acid inputs may be 
transferred to aquatic systems [141 Sensitive areas were identified 
from an evaluation of five soil - chemistry parameters, bedrock 
sensitivity, land capability and land use. In addition to integrating 
both soil and bedrock factors, the analysis considered sulfate 
adsorption capacity of soils, which has been shown to prevent transfer 
of acid to aquatic systems [15]. The classification criteria were 
developed by the Canada/United States Transboundary \orking Group 
[161. The analysis utilized the Geoecology Data Base to integrate the 
data according to these criteria in a timely manner to be used by 
ongoing scientific-political deliberations. 

In the eastern 27 states, 13% of the Counties had moderate and 
4% had high sensitivities (low buffering capacity) to acid rain (Fig. 3). 
The map includes previously identified areas in the northeast and 
upper midwest but did not include other areas found on other 
single-factor sensitivity maps. The next steps in the analysis will 
validate the map and incorporate current and projected atmospheric 
loadings to identify sensitive areas that are, or will be, exposed to high 
levels of acid deposition. 

5. SUMMARY 

Assessing regional-scale energy-related impacts on human health 
and the environment can be addressed utilizing available integrated 
data bases with computer-oriented analysis and display techniques. 
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FIG.3. Soil sensitivity to acid rain with high and moderate potential to transfer acid to 
aquatic systems. Sensitivity ratings are based on exchangeable base content, sulphate adsorption 

capacity, bedrock sensitivity and land capability (surrogate for soil depth). 
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Regional studies often generate hypotheses and can be used to design 
more detailed studies. Regional, county-level data bases are available 
from integrated systems such as UPGRADE, SEEDIS or Geoecology. 
These systems have extracted and edited data from source files for 
integration and analysis. Data represent county aggregates or averages 
and, as such, are limited in use for epidemiological studies. 
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DISCUSSION 

R,M, BARKHUDAROV: As you said. your system assesses the effects of 
heavy metals. What effects do you have in mind and do they include carcinogenic 

on Cs? 

Ri, OLSON: It has been suggested that acid rain is associated with the 
leaching of heavy metals from soil and bedrock. Our study did not investigate 
the effects of these metals but identified areas in which acid rain leaching may 
result in higher levels of these metals in streams and drinking water. 
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Abstract 

USE OF A MORTALITY-RATIO MATRIX AS A HEALTH INDEX. 
There are no reliable data on population size and age distribution for smail geographical 

areas such as counties, cities and populations around power plants. This problem is especially 
acute during intercensal periods. The health effects of energy use has usually been assessed 
by studying changes in mortality rates of exposed populations. Estimation of such rates 
depends on death certificates and census data. Because of the uncertainties in projections from 
census data for small geographical areas, the corresponding mortality rates are likewise 
uncertain. As an alternative health index, the authors propose the use of a mortality-ratio 
matrix, comprising a cross-tabulation of deaths by age and by selected disease categories, 
normalized for each age. The set of shapes of the distributions of the age-specific mortality 
fractions for different causes could be useful in the study of the comparative health of different 
populations. The authors use fractions rather than rates because of the above uncertainties 
in enumeration data. Age- and sex-specific mortality fractions have been computed for several 
groups of causes for selected countries and times. To quantify differences in the shapes of 
the distributions, standard descriptive statistical parameters were calculated. For some causes, 
changes in shape of the distributions are expected to reflect the combined effect of changes 
in intensity and duration of exposure to the causal agent and variations in the susceptibility 
of the population. Assuming that the number of deaths is sufficient for reliable estimation of 
the ratios, such changes in shape will be independent of age-distribution and size of population 
at risk. To apply this method to the population at risk in a specific area, e.g. the population 
around a power plant, it is important that the enumeration of deaths be complete and accurate. 
For certain chronic causes, selective migration may be a source of error. 

INTRODUCTION 

A census is taken every ten years. Between enumerations, the population 
Size is based on estimates. These techniques are unreliable for small geographical 
aggregates owing to population mobility. Even during census years the under-
count presents problems in small geographical areas for particular ethnic groups. 
In contrast, death data is recorded on a day-to-day basis, and the undercount is 
negligible. 
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it has been usual to assess the health effects of energy use by studying 
changes in mortality rates of exposed populations. Estimation of such rates 
depends on census data or estimates and on death certificates. Because of the 
uncertainties in estimates from census data for small geographical areas, the 
corresponding mortality rates are likewise uncertain. One way to avoid such 
uncertainties is to use cause-specific death ratios [1]. 

In previous work [2, 3 1 we have found that age is an important factor in 
assessing health effects of energy use. Age, sex and cause-specific mortality 
ratios show both beneficial and detrimental effects of industrial development 
and its associated increase in energy use. We propose to use a mortality ratio 
matrix, comprising a cross-tabulation of deaths by age and by selected disease 
categories, normalized for each age. Each element of this matrix will be referred 
to as the re/atiee importance for a given disease, country, age and year. 

The sex- and age-specific relative importance for different causes provides 
an alternative to mortality rates for the study of the comparative health of 
different populations. Age-specific ratios have the advantage of being independent 
of the age distribution of the population, which in small geographical areas 
is difficult to estimate. 

2. METHODS 

For three selected countries (USA, Japan and Chile) data on mortality from 
oases of Death by S. Preston et a]. 14] was used. These countries were chosen 

because they have very different histories of development but each one has 
data covering the period 1900 to 1964. Assuming that accidental deaths are 
independent of the prevalence of any disease, we have restricted our study to 
the ten non-accidental categories in Preston's data. 

For each sex, year and country, a cross-tabulation was made between 19 age 
intervals and 10 non-accidental causes of death, each cell of which contains the 
value 	This is the percentage of non-accidental deaths in the age interval a 
attributable to cause d. We have kept the same age intervals and cause categories 
as in the original data. The set of 19 values for a given cause defines a distribution 
which describes the relative importance of that cause as a function of age. For 
each such distribution we have calculated the following descriptive statistics: 
the maximum per cent, the average per cent over the 0-to-90-year age span, the 
mean age, the standard deviation, the skewness and the kurtosis. 

This set of values serves as a mathematical description of the probability 
distribution of the relative importance, for any given cause of death, as a function 
of age by sex, year and country. In particular, the average per cent measures the 
over-all level of relative importance of the cause; the skewness measures which 
side of the distribution is more gradual: and the kurtosis measures whether the 
distribution is more peaked or less so than the normal distribution. 
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FIG.]. Plo I of surface representing e rolu non of rela tise importance of respiratory TBC, 

1900- 1964, for US males, age 0 to 90. 

RESULTS 

The complete set of percentages and parameters for Preston's ten disease 
categories as well as those for accidental deaths, by country and year, for the USA, 
Japan and Chile, from 1900 to 1964, for both sexes, and for 19 age intervals 
extending from 0 to 90 years may be found in Ref. 41.  Space does not permit 
reproduction in these Proceedings. 

We have selected for further analysis four important disease categories: 

(I ) Respiratory tuberculosis (TBC) 
Other infectious and parasitic diseases 
Malignant and benign ncoplasms 
Cardiovascular diseases 

These categories were chosen because of their importance as causes of death 
and their strikingly different historical trends. The relative importance of each of 
these categories as a function of age and time is shown in Figs I 6, and the 
associated descriptive parameters are given in Tables l—IV. 
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TABLE I. DESCRIPTIVE PARAMETERS FOR CATEGORY 1, RESPIRATORY 
TUBERCULOSIS 

USA 
MALE FEMALE 

JAFAN 
MALE 	FEMALE 

CHILE 
MALE 	FEMALE 

1900 AVGZ.0-90Y 15.39 14.22 10.36 9.70 -- 
MEAN AGE 35.3 32.5 33.5 30.1 -- 
S.D. 15,4 15,7 15.1 15,2 - -- 
SKEWNESS .72 .91 .69 .02 - -- 
KURTOSIS .31 .64 .11 .26 - -- 

1910 AcJGZ,0-90Y 15.27 13.10 12.85 12.01 14.16 14.74 
MEAN AGE 34.7 31.7 32.4 29,3 39.1 36.7 
S.D. 14.7 14.8 14.8 14.7 20.7 20.5 
SKEWNESS .71 .95 .73 .79 .45 .57 
KURTOSIS .36 .86 .24 .20 - .68 -.58 

1920 AVG7.,0-90Y 11.80 10.23 -- -- 13.88 14.64 
MEAN AGE 35.1 31.6 -- -- 37.9 36,0 
S.D. 15.1 15.5 -- -- 19.1 19.2 
SKEWNESS .69 .96 -- -- .59 .72 
KURTOSIS .25 .70 -- -- -.44 - .26 

1930 AVG%0-90Y 10.34 9.43 - -- 18.65 17.73 
MEAN AGE 33.6 29.8 -- -- 35.9 33.3 
S.D. 14.4 14.6 -- -- 17.9 18.1 
SKEWNESS .80 1.16 -- -- .65 .81 
KURTOSIS .69 1.53 -- -- -.21 .01 

1940 AVG,0-90Y 9,20 8.32 15.22 12.34 19.02 10.23 
MEAN AGE 33.4 28.7 30.2 28.0 34.2 31.2 
S.D. 14.4 13.7 12.6 13.0 16.8 16.9 
SKEWNESS .79 1.27 .90 .97 .63 .78 
KURTOSIS .67 2.19 .89 .84 -.04 .13 

1950 ALG%,0-90Y 5,84 5.74 19,32 16.06 16,01 15,44 

MEAN AGE 35.1 28.5 33.5 30.3 34.6 31.3 
G.D. 15.4 13.6 13.8 13.7 16.7 16,2 
SKEWNESS .81 1.22 .64 .77 .64 .87 
KURTOSIS .54 2.41 .30 .45 .06 .49 

1960 AVG'.70-90Y 1.14 .91 8.87 7.10 10.21 8.49 
MEAN AGE 44.0 38.0 39.8 36.0 38.2 33.6 
S.D. 17.0 14,1 15.2 14.4 16.4 16.1 
SKEWNESS .69 1.39 .59 .69 .62 .84 
KURTOSIS -.43 1.72 .21 .50 .07 .41 

1964 AcJG7.,Q-90y .68 .43 5.79 4,54 9.22 6.89 
MEAN AGE 48.3 43.5 43.8 39,9 39.8 34.8 
S.D. 16.7 15.3 15.8 14.0 16.3 17.0 
SKEWNESS .58 1.06 .54 .91 .54 .75 
KURTOSIS -.70 .39 .01 .58 -.15 .11 
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TABLE II. DESCRIPTIVE PARAMETERS FOR CATEGORY 2, OTHER 
INFECTIOUS AND PARASITIC DISEASES 

USA 
MALE FEMALE 

JAPAN 
MALE 	FEMALE 

CHILE 
MALE 	FEMALE 

1900 AVG7.0-90Y 13.18 11.48 9.29 8.08 -- 
MEAN AGE 25.1 43.5 27.0 28.5 -- - 

S.D. 21.0 21.5 18.9 20.8 -- -- 

SKEWNESS 1.10 1.25 .96 .73 -- 
NURTOSIS .38 .65 .22 -.36 

1910 AVG%,0-90Y 13.30 11.16 8.37 7.56 15.57 13.39 
MEAN AGE 23.8 21.2 27.1 26.6 34.5 35.4 
S.D. 19.7 19.8 19.3 19.9 24.5 25,8 
SKEWNESS 1.14 1.46 .77 .83 .58 .47 
KLJRTOSIS .68 1.48 .12 .03 -.80 -2.04 

1920 AVGZ,0-90Y 10.75 8.89 -- -- 11.18 9.31 
MEAN AGE 24.0 40.1 -- -- 35.3 34.0 
S.D. 20.4 19.5 -- -- 23.5 24.6 
SKEWNESS .99 1.46 -- -- .39 .35 
KURTOSIS .11 1.44 -- -- -.88 -1.04 

1930 AGZ0-90Y 10.25 8.14 -- 7.12 6.05 
MEAN AGE 23.8 20.6 -- -- 25.2 24.1 
S.D. 19.2 18.8 - -- 20.7 21.0 
SKEWNESS 1.01 1.37 -- -- 1.01 1.10 
NURTOSIS .36 1.35 -- - .17 .31 

1940 AVG!0-90Y 7.51 5.80 10.98 10.72 7.80 6.88 
MEAN AGE 25.9 21.5 25.0 24.7 25.1 23.5 
S.D. 19,5 19.5 18.2 18.5 19.6 19.2 
SKEWNESS .75 1.12 .87 .92 1.04 1.08 
KURTOSIS -.22 .69 .19 .26 .36 .43 

1950 AVG0-90Y 5.61 4.65 9.36 9,31 7.03 6.41 

MEAN AGE 20.2 17.7 21.0 21.5 23.2 22.0 
S.D. 17.4 16.3 18.8 10.9 18.2 17.3 
SKEWNESS 1.44 1.65 1.08 1.15 1.23 1.35 
KURTOSIS 1.69 2.68 .43 .62 .96 1.53 

1960 AVG0-90Y 2.28 2.26 5,44 5.41 5.36 5.00 
MEAN AGE 21.4 20.5 19.9 18.3 21.0 19.4 
S.D. 18.9 10.3 18.4 18.1 19.4 112 
SKEWNESS 1.35 1.35 1.35 1.55 1.49 1.50 
KURTOSIS 1.34 1.43 1.22 1.81 1.65 1.74 

1964 AVG%70-90Y 2.20 2.27 3.60 3,66 5.52 5.80 
MEAN AGE 20.0 20.2 21.8 21.1 15.8 14.4 
S.D. 19,1 18.6 19.7 19.8 16.3 14,6 
SKEWNESS 1.55 1.38 1.16 1.26 1.96 2.09 
KURTOSIS 1.92 1.46 .54 .74 3.92 4.82 



USA: MALE JAPAN. MALE CHILE: MALE 
- NEOPLASMS NEPLASMS NEOPLASMS 

4 4 4 

1u 
p. 

0 

USA: FEMALE JAPAN: FEMALE 

C 

CHILE: FEMALE 
N EU P LASMS NEOPIASMS NEOPLASMS 

4 4 4 

N 

\lIP7 

' 	 4•19 

0 

FIG.4. Plots of six surfaces representing eeolution of relattee importance of malignant and benign neopiasms, 1900- 1964, for USA, Japan and Chile, 
both sexes, age 0 to 90. 



IAEA-SM-254/65 
	

135 

TABLE Ill. DESCRIPTIVE PARAMETERS FOR CATEGORY 3, MALIGNANT 
AND I3ENIGN NEOPLASMS 

USA 
MALE FEMALE 

JAPAN 
MALE 	FEMALE 

CHILE 
MALE 	FEMALE 

1900 AVG7.0-90Y 3.41 6.58 2.49 3,00 -- 

MEAN AGE 58.3 55.2 59.0 55.3 -- -- 

S.D. 17.0 15.0 12.0 12.3 -- -- 

SKEWNESS -.67 -.10 .10 .37 -- -- 

KURTOSIS .42 -0.00 .28 -.10 --- -- 

1910 AVGZ,0-90Y 4.71 8.67 3.92 4.53 2.50 3.66 
MEAN AGE 57.4 55.2 58.7 55.2 59.9 56.3 
S.D. 18,2 15.7 13.1 12.7 14.9 15.4 
SKEWNESS -.69 -.21 -.12 .29 -.25 .05 
KURTOSIS .26 .07 .29 -.25 .03 -.70 

1920 AVG%,0-90Y 5.90 9.14 -- -- 2.51 3.37 

MEAN AGE 59.6 56.-3 -- -- 58.8 56.7 
S.D. 17.5 15.8 -- -- 17.6 16.5 
SKEWNESS -.73 -.24 -- -- - .71 - .45 
KURTOSIS .52 .12 -- .29 .11 

1930 AVG7.0-90Y 7.75 11.49 -- -- 4.56 6.34 
MEAN AGE 54.5 53,5 -- -- 59.7 57.8 
S.D. 21.1 19.0 -- -- 16.2 15.5 
SKEWNESS - .60 - .34 -- -- - .53 - .23 
KURTOSIS -.38 -.06 -- -- .13 -.18 

1940 AVG7.,0-90Y 10.29 14.55 .5.04 6.33 5.45 7.10 
MEAN AGE 50,0 50.1 55.8 53.2 59.1 57.8 
S.D. 23.4 19.7 15.2 14.4 17.6 15.9 
SKEWNESS -.37 -.32 -.70 -.37 -.77 -.36 
KUSTOSIS -.91 -.30 .97 .62 .47 .11 

1950 AVG'/.,0-90Y 16.26 20.65 8.75 10.40 7.29 9.97 
MEAN AGE 42.9 45,0 52.7 51.3 57.0 55.8 
S.D. 24.7 21.6 17.9 16.1 19.2 17.2 
SKEWNESS .06 -.14 -.68 --.43 -.71 -.45 
KURTOSIS -1.21 -.74 .19 .30 .06 .12 

1960 AUG7..O-901 20.17 24.27 15,68 17,38 13.09 13.23 
MEAN AGE 40.5 42,8 46.1 46.1 49.9 53.3 
S.D. 24.4 21.7 21.2 19.2 23.1 18.7 
SKEWNESS .20 -.04 -.27 -.25 - .21 - .38 
KURTOSIS -1.17 -.84 -.85 -.50 -1.03 -.23 

1964 AVG7.0-90Y 20,92 25.42 19.78 41,62 12.48 15.48 
MEAN AGE 40.6 42.1 43.5 43.6 51.9 54.2 
S.D. 24.4 21.9 22.2 20.1 22.9 18.7 
SKEWNESS .19 .01 -.11 -.15 -.41 -.41 
KURTOSIS -1.18 -.90 -1.02 -.73 -.93 -.24 
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TABLE IV, DESCRIPTIVE PARAMETERS FOR CATEGORY 4, 

CARDIOVASCULAR DISEASES 

USA 
MALE FEMALE 

JAFAN 
MALE 	FEMALE 

CHILE 
MALE 	FEMALE 

1900 AVG7.,0-90Y 19.52 18.93 15.95 14,52 -- -- 

MEAN AGE 57.5 57.0 55.5 55.3 -- -- 

S.D. 22.0 22.0 22.2 22.2 -- -- 

SKEWNESS -.70 -.67 -.53 -.53 -- -- 

KURTOSIS - .41 - .43 -.61 -.61 -- -- 

1910 AVG.0-90Y 23.71 23.31 16.47 14.90 15.37 15.61 

MEAN AGE 59.5 58.9 56.4 56.1 52.1 33.4 

S.D. 22.2 22,3 21,8 21.4 43.3 22.7 

SKEWNESS -.78 -.75 -.58 -.56 -.45 -.52 

KURTOSIS -.32 -.35 - .50 -.48 -.72 - .56 

1920 AVG0-90Y 24.13 24.34 -- -- 14.43 15.26 

MEAN AGE 61.8 61.8 -- -- 56.1 57.4 

S.D. 21.4 21.5 -- -- 20.9 21.0 

SKEWNESS -.91 -.92 -- -- -.52 -.59 

KURTOSIS .06 .09 -- -- -.52 -.45 

1930 AVGZ.0-90Y 29.02 27.71 -- -- 16.96 17.40 

MEAN AGE 60.1 60.7 -- -- 58.7 59.8 

S.D. 21.5 21.9 -- -- 20.3 19.8 

SKEWNESS -.73 -.81 -- -- -.59 - .65 
KURTOSIS -.29 -.21 -- -- -.35 -.18 

1940 AVGZ0-90Y 34.12 31.18 17.72 17.34 20.00 21.00 

MEAN AGE 58.5 59.8 60.5 59.0 61.1 61.2 

S.D. 21.7 22.5 17.4 17.8 20.3 20.2 

SKEWNESS -.60 -.75 -.84 -.73 -.70 -.71 

KURTOSIS -.50 -.35 ,79 .32 -.13 -. 13 

1950 AL'87.0-90Y 43.11 39.40 20.17 21.39 24.88 25.33 
MEAN AGE 58.7 59.9 58.3 57.8 60.4 60.9 
S.D. 20.8 2118 20.6 20.1 20.1 19.4 

SKEWNESS -.49 -.68 -.76 -.63 -.69 -.68 

KURTOSIS -.60 -.44 -.15 -.21 -.21 -.16 

1960 AVGZ,0-90Y 43.38 38.46 28.26 28.45 20.59 20.14 

MEAN AGE 50.7 60.9 56.9 57.0 57.4 58.7 
S.D. 20.7 21.5 21.3 21.4 22.2 22.0 

SKEWNESS -.45 -.69 -.57 -.62 -.55 -.67 

KURTOSIS - .63 -.46 - .57 .33 - .63 -.50 

1964 AVG7.0-90Y 42.67 37.86 30.48 29,80 23.36 24.40 

MEAN AGE 59.0 61.2 58.1 38.4 57.5 30.6 

S.D. 20.4 21.2 20.9 21.4 22.7 22.4 

SKEWNESS -.43 -.68 -.56 -.68 -.57 -.64 

KURTOSIS -.66 -.49 -.55 -.42 - .73 -.61 
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Figure 1 shows an XYZ plot in which points on the X-axis represent ages 
from 0 to 90, points on the Y-axis represent calendar years from 1900 to 1964, 
and points on the Z-axis represent the percentages of total non-accidental deaths 
due to respiratory TBC for US males. 

From Fig.2 and Table I the contrasts may he seen among the evolutions in 
the three countries of the relative importance of respiratory TBC. In the USA the 
curves for this disease declined steadily from 1910 to 1964, with a corresponding 
decrease in the average level from about 14% to less than 1% for both sexes, 
with little change in the other parameters. In Japan the disease was quite 
important in 1950,   with an average level of about 18%, and decreased rapidly to 
an average level of 5% in 1964, about equal to that for the USA in 1950. In Chile 
the disease shows a relatively slow decline, from a high average level of about 19% 
in 1940 to a level of about 8% in 1964. 

In Fig.3 and Table II we present a statistical description of the evolution 
of infectious and parasitic diseases. In the USA this group of diseases has been 
declining slowly from an average of about 12 17o in 1900 to 2.2% in 1964. This 
change has affected both sexes, with little change in the other descriptive 
parameters. In Japan the average level of 8.7% in 1900 increased to 10.8% in 
1940 and declined to 3.6% in 1964. There is only a 1.4% difference between 
the values for the USA and Japan in 1964.   For Chile the decrease has been 
slower, starting with 14% in 1910 and reaching a 5.2% level in 1960. A marked 
increase in kurtosis appeared in 1964, due to the decrease in the proportion of 
deaths from this cause after 10 years of age. 

Figure 4 and Table III show the differences in the evolutions of malignant 
and benign neoplasms in the three'countries. In the USA this group of diseases 
has been increasing from an average level of about 5% in 1900 to 23% in 1964. 
This change has affected both sexes, and marked changes in the other descriptive 
parameters have occurred: the mean age decreased from 56.8 to 41.4 years; the 
standard deviation increased from 16 to 22 years; skewness changed from .0.4 
to 0. 10, reflecting the shift to younger ages: and the almost normal kurtosis of 
the data (0.2 in 1900) was lost around 1940 with the values approaching -1.1 
in 1964. 

In Japan the same trend began in 1940: the mean age decreased from 54.5 
to 43.4 years in 1964; the standard deviation increased from 14.8 to 21.2 years; 
the skewness changed from •-0.55 to -0.13 with the shift to younger ages; the 
bimodality appeared around 1950, with values of the kurtosis changing from 0.8 
in 1900 to -0.9 in 1964. In 1900 the average level was 5% in the USA and 2.6% 
in Japan; in 1940 the levels were 12.5 and 5.7%, and in 1964 they were 23.2 
and 20.7%, respectively. There was only a 2.5% difference between the levels for 
the USA and Japan in 1964. 

In Chile the same phenomena took place at a much slower pace beginning 
in 1930: the mean age went from 58.8 to 53.1 years; the standard deviation 
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increased from 15.9 to 20.8 years; the skewness did not change; the bimodality 
appeared around 1960, corresponding to a change in kurtosis from 0.9 in 1950 
to -0.6 in 1964. In 1910 the average level was 6.77( ,  in the USA and 3.1 1/r, in 
Chile; in 1940 the levels were 12.5 and 6.3 17r, and in 1964 they were 23.2 and 
14., respectively. There was a 9.2% difference between the levels in the USA 
and Chile in 1964. 

Figure 5 and Table IV present the different evolutions of cardiovascular 
diseases in the three countries. This category is composed of a great variety of 
diseases, some of whicl1, such as rheumatic fever, have infectious causes, and are 
correlated negatively with industrialization and with age. Others, such as cardiac 
ischeinic disease, correlate positively with age and with industrial development. 

In the USA the relative importance of this group of diseases has been 
increasing steadily from 1900 to 1950, from an average level of 19.2% in 1900 
to 41.3% in 1950, and remained constant through 1964. From 1900 to 1940 
the descriptive parameters are nearly equal for both sexes. From 1940 to 1964 a 
progressive difference in shape developed, with males showing an increase in 
the relative importance at earlier ages. 

This phenomenon can be seen in Fig.5 as a 'bump' around the age of 40 for 
males that is not found in the female data. This is a unique feature of the USA 
data that is not present in the Japanese or Chilean data. 

For Japan the relative importance evolved in a different way. There was 
very little change up to 1940; the average level was about 15% in 1900 and 
about 17.5% in 1940. From 1940 to 1964 there was an increase in the relative 
importance of both infectious and degenerative components. 

In Chile the evolution in the relative importance of cardiovascular diseases 
has been irregular, with a maximum around 1950 at about the age of 65 for 
both sexes. As in Japan. from 1960 to 1964 there was an increase in the relative 
importance of both infectious and degenerative components (Fig.6). 

4. CONCLUSIONS 

Our use of age- and cause-specific death ratios for three selected countries 
has shown changes in the health of these populations that are consistent with 
their histories of development. 

The changes in relative importance of respiratory TBC and other infectious 
and parasitic diseases clearly reflect the impact of the changes in quality of life 
in the three countries. 

The increases seen in the levels of neoplasms and cardiovascular diseases 
agree with previously found correlations with industrial development. 

Before attempting any analysis of the health effects of pollution, an assess-
ment must be made of the actual level of health already attained in a community. 
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We must remember that both positive and negative effects are to he expected 
from changes in industrial development due to changes in energy policies. 

To evaluate this necessary health base-line, the relative importance of different 
causes can be of particular value when an estimate of the size and age distribution 
of the exposed population is either difficult or impossible. 
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DISCUSSION 

K. SUNDARAM: I was very impressed with your presentation, which 
indicated a changing pattern of disease during the period of study in the USA, 
Japan and Chile. You also said that a developing country such as Chile is following 

the USA disease pattern, only many years behind. Could this he due to differences 
in the efficiency of diagnosis? 

S.R. BOZZO: I do not think that in countries like Chile with good statistical 
data a fact acknowledged by WHO - neoplasms or cardiovascular disease would 
be overlooked in 1965. 

K. SUNDARAM: Would the same pattern remain if you expressed cancer 
and cardiovascular disease as a death-rate rather than as a percentage? This might 
help to provide a better insight into the effects of the changing environment on 
human health. 

S.R. BOZZO: What we are doing is to compare the statistical differences 
between disease-specific mortality rates and disease-specific death ratios. We 
believe that a very good correlation ( - l.0) will be obtained. Both values will be 
interchangeable. 

J. SINNAEVE: In Fig.4, concerning malignant and benign neoplasms, an 
increase in fatalities in the 10--20-year age range was observed towards the end 
of the period studied. Could you comment on this phenomenon? 

S.R. BOZZO: As causes of death such as infectious diseases disappear in that 
age span, other causes such as neoplasm become increasingly significant. 
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Abstract 

ENERGY ANALYSIS OF THE COAL FUEL CYCLE: COMMUNITY HEALTH AND 
RESOURCE CHANGE IN AN APPALACHiAN COAL COUNTY. 

In spite of steadily expanding coal development in this decade in the USA, there has 
been little systematic assessment of occupational and public health implications of increased 
production in specific regions of the USA. Preliminary analysis of a prototype Appalachian 
area is presented. Anderson County, Tennessee, the prototype area chosen for evaluation, 
lies in the Upper East Tennessee Coalfield. This county is uniquely suited for study since 
every process of the coal fuel cycle (extraction, transport, combustion, power production and 
waste disposal) takes place within the county boundary, By extensive exploitation of both 
surface and underground methods of extraction, this county has maintained a leading posi-
tion in Tennessee's coal production for several years. Concepts of energy analysis and 
systematiced data presentation were used to convert information gathered from divere 	- 
sources into comparable energy units (kcal). Concepts and methodology implemented in 
the analysis can be applied most appropriately to existing conditions in other countries of 
the Appalachian Coal Basin. Findings are presented for calendar year 1979. For the year of 
study, the major energy loss to the county was depletion of the coal resource base by use of 
inefficient mining techniques (a loss of 10.5 X 1012  kcal fuel equivalents). Another loss is o 
community health, which is depleted by lost productivity of, and compensation payments to, 
victims of mining accidents and occupational disease such as 'black lung' (15 X iO t  kcal). 
Another countywide depletion process is roadbed and bridge deterioration caused by large 
volumes of heavy coal-haul vehicular traffic (10 X 10 9  koal). These losses are being borne 
mainly by residents of the Appalachian host region, with little systematic compensation by 
consumers of the coal resource. It is expected that these losses will increase in magnitude as 
national coal use increases. 

* Operated by Union Carbide Corporation under Contract W-7405-eng-26 with the 
US Department of Energy. 
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INTRODUCTION 

The principal objective of performing an energy analysis 
is assessment of energy flows embedded in the production of 
goods and services [1].  A systematic assessment of this type 
is particularly useful in understanding fuel cycles and can be 
used as a tool for long-term planning [2]. The system of 
symbols and diagrammatic data presentation developed by Odum 
and Odum [2] to facilitate communication of energy concepts is 
incorporated into the present analysis. By analyzing a proto -
typical area in detail, the author wishes to provide an 
improved perspective of regional issues that should be 
resolved prior to nationally mandated increases in production. 

Coal production throughout the Appalachian Basin has been 
expanding steadily since the Arab Oil Embargo of 1973. 
Approximately 60% of the nation's coal is mined in Appalachian 
states [3].  Current energy-use projections indicate that 
eastern bituminous coals will be in great demand for electric-
ity production into the next century. To reduce the adverse 
effects of future coal industry expansion, systematic assess-
ment of net energy and occupational or public health implica-
tions is needed. 	Long-term insights into fuel-cycle efficien- 
cies may be obtained by applying basic principles of energy 
analysis to delineate transfers, subsidies and losses [1]. 

Anderson County, the prototype chosen for analysis, lies 
in the Upper East Tennessee Coalfield (Fig. 1). This county 
is uniquely suited for study since every process of the coal 
fuel cycle (extraction, transport, combustion, power produc-
tion and waste disposal) takes place within the county bound-
ary. By extensive exploitation of both surface and under-
ground methods of extraction, Anderson County has maintained a 
leading position in Tennessee's coal production for several 
years. 

The political county bourdary, rather than a natural one 
of geology or topography, was chosen because relevant data are 
available only for political units. Data sources include 
accident records on file in the county sheriff's office, 
traffic volume counts from the state Department of Transporta-
tion, occupational accident and injury records from the Mine 
Safety and Health Administration (MSHA), U. S. Department of 
Labor (DOL) compensation records for black-lung victims, weigh 
bills from U. S. Department of Energy (DOE) steam plants, and 
statistics released by the Fuels Planning Branch of the 
Tennessee Valley Authority (TVA). Concepts and methodology 
implemented in the analysis can be applied generally to any 
coalfield, but the results would be used most appropriately to 
describe existing conditions in the Appalachian Coal Basin. 
Findings are presented for calendar year 1978, the most recent 
year for which comparable data are available. 
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FIG, I. Coal-producing coun ties of the Appalachian Basin in Tennessee (after Luther [7]). 

RESOURCE DESCRIPTION 

Anderson County covers an area of 86 800 ha, approxi -
mately 33% of which overlies bituminous coal-bearing strata 
(Fig. 1). The acreage of currently known, commercially held 
mineral lands equals 25 438 ha [4].  in 1974, measured area 
disturbed by surface mining equaled 2876.5 ha [5].  By averag-
ing seam thickness into production figures for 1975 and 1977 
[6], an additional 134.5 ha were calculated to be disturbed by 
the beginning of the calendar year 1978. These values repre -
sent an estimate of area disturbed only by the physical 
removal of coal (i.e. not additional off-site disruptions 
such as haul roads, landslides, erosion, etc.). 

The size of the Anderson County coal reserve was last 
measured by the Tennessee state Division of Geology in 
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1959 [7].  Later estimates, corrected for production and 
reserve depletion since 1959, have been used to calculate 
current remaining strippable reserves [defined as those found 
within 37 m (120 ft) of the surface] of 294.6 x 10 12  kcal 
(42.7 x 106  short tons) and deep minable reserves of 590.5 x 
10 12  kcal (85.6 x 10 6  tons) [8].  Of course, these estimates 
do not discriminate among coal beds underlying municipalities, 
major waterways, or public lands, where extraction is not 
practical. Neither do these estimates incorporate the amount 
of reserve accessibility lost by the form of extraction used. 

Depletion factors of 1.25 for surface-mined coal and 2.00 
for deep-mined coal used in this analysis have been developed 
by the U.S. Bureau of Mines to account for national reserve 
losses incurred during mining. These factors are dimension -
less multipliers of production and represent the coal lost to 
future recovery by underground room-and-pillar methods, blast-
ing fracture, and other extraction inefficiencies [9].  County-
specific depletion factors could not be estimated because of 
the current lack of quantifiable information. 

EXTRACTION AND PROCESSING 

In 1978, 13 surface and 30 underground mines in Anderson 
County reported annual production figures of 4.7 x 1012 kcal 
(0.7 x 106 ton) and 9.3 x 1012 kcal (1.4 x 106 ton), respec-
tively [10]. Since these two basic extraction methods are 
quite different in terms of labor intensity, capital expendi-
ture 	and occupational hazards, they will be compared and 
contrasted. 

Energy inputs required for operation and maintenance 
include fuel-based energies and labor. Available data charac-
terizing these inputs for local mines were sketchy and had to 
be augmented by assumptions regarding equipment supplies, over -
head, and fixed costs 111]. By the use of appropriate kcal/$ 
conversion factors [121 corrected for inflation since 1974, 
and the calculational procedure outlined in Gregg [13],  energy 
input estimates were derived. 

Occupational health and safety aspects of coal extraction 
are significant. The severity of on-the-job accidents makes 
coal-mining one of the most hazardous major occupations in the 
United States [14].  Mortality ratios indicate that coal-
miners are exposed to life-threatening situations comparable 
to those confronted by fire-fighters and police officers [15]. 
What data are available outline lost work days (LWEJ) from 
accidents as reported to the MSHA by mine operators. There is 
some question as to the accuracy of these data, but they com-
prise all that is readily available [16]. 
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The mining population is also unusually susceptible to 
respiratory disease, including coal-workers pneurnoconiosis 
(CWP), emphysema, influenza, tuberculosis and bronchitis [17]. 
Estimates vary on the number of black-lung-disabled coal-
miners and their survivors currently living in the county. By 
assuming identical numbers of claimants for black-lung bene-
fits in 1980 and 1978, 682 living and disabled miners and 
dependents were estimated to reside in the study area [18]. 
If it is further assumed that each claimant received minimum 
monthly benefits of $219.90 [19], and that the energy equiva-
lent of such payment represented a form of insurance compensa-
tion expenditures represent 7241.3 x 10 6  kcal in 1978. 

A sample of 32 complete files from a local DOL Black Lung 
Field Office revealed a mean age of 69 for East Tennessee 
miners at the time of compensation award. Actuarial tables 
developed by Metropolitan Life Insurance Company [20] indicate 
a life expectancy of 11.4 years for white males of age 69. If 
we assume that these figures are characteristic of Anderson 
County populations and that each of the estimated 682 claim-
ants was a black-lung victim who could have performed 20 h/ 
week of light activity (890.6 kcal fuel equivalents/h) [13] if 
good health had been retained, we estimate a loss-of-work 
function to equal 6922.3 x 10 kcal. This value represents 
loss to the community. The summed black-lung cost estimated 
in this analysk includes neither expenditure for medical 
treatment and hospitalization nor an evaluation of medically 
diagnosed black-lung victims unable to receive compensation. 
These data were not included in available files. 

The energy sum of black-lung payments and loss of work is 
14163.6 x 10 6  kcal. Occupational disease is a major consumer 
of energy for workers and communities directly affected by 
this fuel cycle. If our assumptions are reasonable, the 
annual energy cost for supporting disease - disabled miners 
exceeds that of operator payments into the Black Lung Benefits 
Trust Fund by a factor of 5. (The Fund was established by the 
Black Lung Benefits Act of 1972 to compensate victims of CWP). 
This factor would be even greater if hospitalization and treat-
ment costs were included. Such a comparison is supported by 
data from the Social Security Administration and DOL verifying 
that only 0.03% of all black-lung compensation between 1970 
and 1977 was paid by the coal industry [21]. 

4. TRANSPORT 

Coal-related transport in Appalachia occurs either on 
railways that are marginally maintained or on roads that were 
never designed to support large volumes of overweight traffic. 
Frequent travel by 3- and 4-axle dump trucks and 5-axle 
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tractor trailers has resulted in reduced pavement life and 
stress to spanning structures between bridge piers E221. 

As in most Appalachian counties, the sites of coal extrac-
tion in Anderson County are topographically removed from 
market locations. This isolation requires development of 
transport systems from the mine site to local processing 
facilities and remote markets. Trucks are used for short 
hauls to local tipples and washers and local markets; railcars 
are used for transport to more distant combustion facilities. 
Most coals in the Upper East Tennessee Coalfield are steam-
grade; principal coal - haul routes in Anderson County reflect 
contract purchases by the IVA, DOE, and out-of-state power 
utilities. 

Estimates of energy costs required to keep these routes 
in minimal repair (860 x 10 6  kcal) or maintain them in good 
condition (10276 )< 10 6  kcal) have been made on the basis of 
existing truck volume counts, regional road damage figures, 
and interviews with the Anderson County Road Commission 
[22-24]. These values have been converted to fuel energy 
equivalents by assuming appropriate conversion coefficients 
[12]. If bridge upkeep expenditures were included (20 of 
them cxist on the designated rural haul routes), the value 
would be at least 2 orders of magnitude greater. Repair of 
roadbed deterioration is clearly a countywide energy-consuming 
process. 

Although significant, road maintenance expenditures are 
not the only transport factors requiring evaluation. Travel 
over damaged pavement can increase fuel consumption by 34% 
[21]. Overloading trucks also increases truck fuel consump -
tion. Passenger vehicle and heavy truck traffic are often 
incompatible on twisting, narrow, Appalachian roads. Summari-
zation of 1978 traffic accident descriptions on file in the 
Anderson County Sheriff's office included sideswipes involving 
at least one passenger vehicle and a tractor trailer or flatbed 
truck hauling mining equipment, a head-on collision between a 
passenger vehicle and a semitractor trailer, a truck-train 
collision, and the running off the road of vehicles trans-
porting either fuel or explosives. Estimated personal injury 
and personal property damage were calculated to equal an addi -
tional 31.0 x 106  kcal. 

COMBUSTION 

Combustion facilities having a direct impact on Anderson 
County systems are the Bull Run Steam Plant, a 950-MW(e) 
(471 x 106 kWh) TVA facility on the Clinch River; the Kings-
ton Steam Plant, a 1700-MW(e) (9694 > 106 kWh) TVA facility 
downstream in Roane County; and the V-12 Steam Plant, a 
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2.6 x 	kg/d [approximately equivalent to 51 MW(e)] steam 
facility operated by DOE [25]. 

The two facilities operating within the county boundary 
do not consume significant portions of Anderson County coal. 
Bull Run contracts with a single eastern Kentucky firm for 
10.1 x 10 12  kcal./a (183 x 10 ton) to be shipped by rail. 
The majority of Y-12's coal supply originates from strip mines 
in nearby Campbell County. However, both Bull Run and Y-12 
employ local personnel and emit combustion products into local 
and regional airsheds. For the year prior to that of our 
assessment, the Kingston facility received approximately 54% 
of its annual 24.9 x 1012 kcal (4.4 x  106  ton) by truck from 
Anderson County sources [26]. We have assumed that 1978 con -
tracts followed the same proportionality. Airshed deteriora -
tion caused by emission of particulates and S02  from Kingston 
has been cited in a recent suit in which TVA was charged with 
violation of the Clean Air Act by neighboring states, citi-
zen's groups, and the Environmental Protection Agency [27]. 

Known occupational safety costs for operation and mainten-
ance of steam power facilities are relatively small (4.2 x 
10 6  kcal). Accidents were normalized to reflect the percent-
age of coal originating from Anderson County mines, and accumu-
lated LWDs were converted to kcal. 

DISCUSSION 

All quantified energy transfers are summarized in Fig. 2. 
Potential coal-bearing lands and estimated recoverable reserves 
are considered energy storage units within the coal fuel cycle. 
Work is performed when decisions to extract are made by the 
industry and mineral owners, who are often the same individ-
uals. Such externally made decisions act as a control to 
initiate and determine the magnitude of work to be performed. 
A secondary result of the decision is to convert potential 
coal-bearing lands to mined-out properties. These lands may 
eventually become productive if proper reclamation procedures 
are applied and revegetation is successful. Some sites have 
been abandoned and will pass through successional stages until 
some climax community develops. The area and productivity of 
both types are at present undetermined. Inventory work has 
been initiated by the Federal Office of Surface Mining under 
mandate by the Surface Mining and Control Act of 1977. 

The fuel-based energies (14.7 x 10 11  kca]) of heavy 
equipment, liquid fuel, spare parts, etc., 1 interact with the 
human energies (4.8 >< 10 10 .kcal.) of labor and management to 
extract saleable coals(14.0 x 10 1 2 kcal). 	Estimated depletion 

	

(and industry consumption of electricity (14.6 X 	kcal)) 
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of the resource base by inefficient recovery techniques 
appears to be the greatest caloric loss of the entire system 
(10.5 x 10 12  kcal). If the depletion factors developed by the 
U.S. Bureau of Mines [9] are correct for existing Anderson 
County extraction, losses to future recovery are equivalent to 
approximately 75% of the caloric energy included in coals sent 
to market. Verification of these assumptions should be the 
basis for field evaluation. 

Losses in productivity of the work force caused by acci-
dents, and the inability of former miners to support them-
selves because of respiratory disease, are included in the 
partial degradation value of 1.4 x 101 0  kcal. Additional 
information on costs of medical care and the incidence of 
chronic occupational health impairment would make this value 
more accurate. Additional outputs of the extraction process 
include changes in watersheds, mine drainage, blasting damage 
to aquifers and homes, and loss of agricultural productivity 
in bottomlands frequented by mine - induced flooding. More 
analysis will be needed to collect these data. 

The transport industry receives coal from sources both 
inside and outside the county boundary, and uses d-esignated 
corridors for intercounty and intracounty shipping. The 
largest single buyer of locally produced coal is the Kingston 
Steam Plant, and industry use of roadways reflects this market 
relationship. The total quantity of energy transported to 
county combustion facilities, of course, includes supplies 
brought in from outside sources. The degree and quantity of 
coal movement between processing and transport are current 
unknowns, as are the energy investment and energy consumptior 
represented by truck fleets, unit trains, crushers and 
washers used by these two segments of the cycle. The partial 
degradation loss of 1.0 x 10 1 0 kcal for transport represents 
the sum of lost workdays and property damage resulting from 
coal-related accidents on local roadways, plus an estimate of 
road repairs and construction needed to bring coat transport 
corridors up to federal standards. The quantity of unsaleable 
waste produced by processing has not been determined to date. 

Of the two facilities in the county producing steam or 
electricity, only one exports energy. The Bull Run Steam 
Plant transmitted 4571 x  10 6  kWh to the TVA power gr idai n  

1970. All steam produced at the Y-12 DOE facility is consumed 
within the government reservation. The partial degradation 
value of 4.2 x 10 6  kcal represents lost workdays to the 
employees in accidents attributable to the burning of local 
coals or accidents affecting the local work force. Potential 
public health changes were not estimated. 

2 (390 X 10' °  kcal) 
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The main incentive to the initiation and maintenance of 
the coal fuel cycle is money, which is the principal input to 
the system encouraging current growth and development. Quanti-
tative information on monetary flows is extremely difficult to 
locate and is considered too incomplete for inclusion at 
present. 

SUMMARY AND CONCLUSIONS 

Preliminary results from an energy analysis of the coal fuel cycle in an 
Appalachian co& county have provided a systematic assessment of hidden energy 
subsdies in extraction, transport, processing and combustion. Current results 

indicate that the system operates at an annual energy deficit of approximately 
350 X 1010  kcal. A major loss is depretion of the coal resource base by use of 
inefficient mining techniques. Although of smaller magnitude, reductions in 
work force and community productivity from occupational accidents, disease, 
and road maintenance requirements for transport also appear to be significant. 

Further assessment is needed to verify assumptions and characterize additional 
data bases. 
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DISCUSSION 

M. EL DESOUKY; Do you not think that expenditure on the reclamation 
of mining sites should be included in the cost incurred by the community? 

A.P. WATSON: Yes, this value should definitely be included, as should the 
loss of agricultural land and damage to homes caused by flooding and landslides 
produced by mining. However, a federal act concerning surface mine control 
and reclamation (PL 95-87) was not passed by Congress until the late summer of 
1977. To date, an inventory of abandoned mined lands requiring reclamation 
has not been completed, nor has the State of Tennessee maintained adequate 
records on the total area and cost of reclamation. I am still attempting to 
quantify this variable, but it is at present unknown. The current analysis was 
for the year 1978, too soon for inventory results to be included. 

I.M. TORRENS: If the net energy balance for extracting the coal in 
Anderson County is negative from your analysis, and some of the input is 
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expensive oil and labour as against a relatively cheaper coal output, how can 
this economic activity continue? 

A.P. WATSON: The flow of dollars runs countercurrent to the flow of 
energy in most human systems subject to this type of analysis. If money is 
the desired product, then many processes that are energy-inefficient can be 
subsidized. This appears to be the case in the coal fuel cycle example. The 
greatest entropy (degraded energy) loss is the coal left in the seam that cannot 
be reasonably removed. Until now, this loss has been discounted and not 
included in the cost of extraction. 

I.M. TORRENS: Flow much of the energy input consists of unquantifiable 
or social costs not paid for by the mine operator? 

A.P. WATSON: I am assuming that you include in your term 'social 
costs' the loss of agricultural land and property damage produced by floods 
and landslides, destruction of local water supplies, all occupational respiratory 
diseases and their treatment, blasting damage to buildings and so on. Very 
little of this cost is supported by the industry in the form of wages or compensa-
tion payments. I am not sure that these factors will always remain unquantifiable; 
the data are just very difficult to obtain. 

There are a limited number of examples where operators of mines or 
blending facilities have recognized the larger problem and attempted to mitigate 
it. One operator of a coal washer in Anderson County added a surcharge of 
10 cents per ton on all deliveries to his plant, which he then turned over to the 
County for road maintenance. However, the sum total of his contribution could 
pay for only very basic maintenance on the road leading to his plant. The 
three bridges on that road (declared unsafe for passage by school buses) will 
require several million dollars to replace under federal subsidy. 

Some operators also dredge streams filled by mine sediment (to reduce 
flooding) and oil the roads to keep down dust. However, this is not common. 

E. SIDDALL: The coal deposit in Anderson County is of high grade and is 
mined very efficiently. It is a major energy source which would be the envy 
of many countries in the world. If your calculations show that its exploitation 
results in a net import of energy into the country, does this not indicate that 
your method of calculation must be wrong? 

A.P. WATSON: On the contrary. The estimate simply quantifies the 
well-known fact that mineral source areas become depleted through time. 
Expenditure of increasing quantities of energy gradually becomes necessary 
to extract less accessible reserves. In addition, available data lead me to 
disagree with your statement that coal in this region is mined in an efficient 
manner. 
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Abstra 

ARE HEAVY METALS AND RADIUM IN MAN RELATED TO EMISSIONS FROM COAL 
BURNING? 

Concentrations of 226 Ra, Cd, Pb and Zn in bones of contemporary residents of four 
regions of Poland are not geographically related to the current industrial dust emissions. 
Contrary to the levels in atmospheric precipitation, concentrations of 226 Ra and Pb in human 
bones were found to be lower in the contemporary than in the pre-industrial population. 

INTRODUCTION 

During the past 100 years the content of mineral dust in precipitation in 
southern Poland increased by approximately a factor of 150, and the content of 
226Ra and Pb increased by a factor of 50 and 16 respectively [1. 2. This was 
probably caused by the fallout from the large industrial centres in Silesia and 
Czechoslovakia. An effect of this fallout in the industrial southern and south-
western regions of Poland is that the concentrations of 226 Ra, Cd, Pb and Zn in 

soil and of 226 Ra and Pb in plants are higher than in the northern and eastern 
rural areas [3-5]. Also, the concentration of 226Ra in the pine trees in southern 

Poland increased about tenfold during the past century [ 6 ]. 
However, as will be seen in this paper, geographical and historical investigations 

reveal that the increased environmental pollution did not increase the concentrations 

of 226 Ra and several stable heavy metals in the bones of the inhabitants of Poland. 

MATERIALS AND METHODS 

To study the geographical distribution of radionuclides and heavy metals 
in the Polish population, we collected samples of ribs from 202 newborns, infants, 
children and adults deceased in 1969 and 1970 in two highly polluted (Wroc4aw 
and Krakow) and two less polluted (I3iaystok and Gdañsk) regions of Poland. 
These two types of regions differ by more than an order of magnitude in the 
degree of air pollution, as indicated by the industrial dust emission (Table I). 
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Two or three ribs were taken from each body and pooled in one sample, except 
ribs taken in Gdañsk from 20 newborns (10 males and 10 females) which were 
pooled in two samples, because of the low mass of each specimen. This resulted 
in 184 samples divided into four sets. They were representative of a mixed urban 
and rural population of the particular region. 

To study temporal variations, we collected various types of bones from the 
skeletons of adults living in the Krakow region in southern Poland between the 
11th and 19th Centuries buried in graves located in four churches in the Krakow 
area. Most of these skeletons were preserved in wooden or stone coffins which 
were stored in dry underground crypts, but some of them were buried directly 
in the bess under the floor of a church. The majority of the bone samples would 
be representative of the rich townspeople, noblemen and clergy. Bone samples 
from the skeletons of adults and children living in the 3rd Century were collected 
from a cave in Kroczyce, about 70 km north-west of KrakOw. These bones were 
lying on a dry floor of limestone rock. Part of this collection had been analysed 
and reported earlier [2]. Six bone samples were collected from Egyptian mummies, 
stored in the National Museum in Warsaw, the age of which was assumed as 
12th Century BC. In various parts of Georgia, USSR, we collected bones from 
graves located directly in the ground, the age of which ranged from 40th Century 
BC to 19th Century AD. In the catacombs under the San Francisco Convent 
in Lima, Peru, we collected femur samples from persons deceased between 1700 
and 1800. 

After external impurities and the remains of soft tissue had been removed 
by scrubbing, the bones were dried in an oven at 105C to a constant weight. 
Samples weighing on average 15 g were placed in quartz beakers, wet-ashed with 
concentrated nitric and perchloric acid, and dissolved in hydrochloric acid. 
226 Ra was determined by the radon emanation method and the results were 
corrected for radioactive decay. Pb was determined by standard dithizone colon-
metry and Cd and Zn by atomic absorption spectrophotometry. The analytical 
procedures used are described in detail in Ref. [8]. Detection limits per 15-g 
sample for the analytical methods used are 0.02 pCi 1  for 226 Ra and 0.15 pg for 
Pb, Cd and Zn. The mean analytical error for 226 Ra was about 1 10% and about 

5% for the metals. 

3. RESULTS AND DISCUSSION 

All results were analysed using the graphic statistical method [9]. We found 
that most of the results have the log-normal distribution. In these cases we 
calculated the arithmetic from the geometric means [10]. As may be seen in 

1 Ci= 3.7 X 10'0Bq. 
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Table 1, the content of metals in the bones of contemporary residents of Poland 
does not seem to be related to the level of environmental pollution in particular 
regions. The lowest mean Content of Pb (3.5 pgg' of dried bone) was found in 
the heavily industrialized and polluted region of Krakow, whereas in the typically 
rural Bia1ystok region, with 33 times lower industrial dust emission and considerably 
lower automotive traffic, the mean lead content in the bones was 2.7 times higher. 
The highest concentrations of Pb, Zn and Cd were found in bones from the 
Gdañsk region in northern Poland, which is less industrialized than the southern 
part of the country, and has a low level of heavy metals in vegetation 15]. The 
mean concentrations of Pb, Zn and Cd in the bones of contemporary residents 
of four regions studied (of 12.1, 102.1 and 4.6 Mgg' of dried bone, respectively) 
do not differ substantially from the values reported from other countries and are 
assumed to be typical for 'standard man' [ 1 1]. 

The whole country's mean concentration of 226 Ra found in the bones of 
contemporary residents of Poland of 0.007 pCig 1  of dried bone is similar to the 
world mean of 0.0085 pCig' in areas with normal radiation background 1121. 
The highest mean concentration of 226 Ra in bones was found in the Wroc+aw 
region, with the highest level of natural terrestrial radiation background in 
Poland [13]. It seems that the high content of natural radionuclides in the 
geological structure in this region is responsible for the elevated 26  Ra level in 
bones, rather than the industrial dust emission which is similar to the Krakow 
region, where the 226 Ra bone level is the lowest in the country. 

The lack of geographical relationship between the levels of 26Ra and heavy 
metals in bones and the industrial pollution of the atmosphere suggests that the 
inhalatory intake of these contaminants is overwhelmed by some other factors, 
presumably related to water and food supply. 

The concentrations of lead in the bones of residents of southern Poland 
deceased between the 3rd and 20th Centuries rcvcalastriking feature. The low 
concentration of the 3rd Century increased to very high levels in mediaeval times 
and remained high until the end of the 19th Century (Table II). In the 20th Century 
the concentration dropped again to a level only twice as high as 1 700 years ago 
(Table III). 

The mean lead concentration of 2.9 g'g of dried bone in the 3rd-Century 
sainpes probably represents the natural level of lead in human bones in this region, 
as metallic lead was not in use in Poland at this time [14]. In the bone from the 
11th Century, the lead concentration was 92.5 pg'g' of dried bone. i.e. 30 times 
higher than the mean in 3rd-Century samples. Still higher lead concentrations 
were found in the bones from the 13th and 17th to the 19th Centuries, reaching 
the highest level of 267.4 ig'g 1  in the I 7th-Century samples. 

The mean lead concentration in the oldest, i.e. 3rd-Century, bones from 
Poland is 2.6 times lower than in the Egyptian bones from the 121h Century BC. 
Relatively low levels of lead were found in the bones from Georgia, USSR. 
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TABLE II. MEAN CONTENT OF Pb AND 226 Ra IN BONES OF RESIDENTS 
OF KRAKOW REGION BETWEEN THE 3rd AND 19th CENTURIES (No. of 

samples in parentheses) 

Pb 	 226Ra 

Century 	 h (g'g' d.W.a 	SE 	) 	(pCog1 Ca 7 SE) 	(p('i'g- ' d.w. 7 SE) 

3rd 	 2.9 7 0.6 	 0.167 7 0.026 	0.030 7 0.005 
(18) 	 (13) 	 (13) 

(1) 
11th 	 92.5 	 Not determined 	Not determined 

13th 	 83.3 7 64.8 	0.303 7 0.770 	0.043 7 0.025 
(11) 	 (3) 	 (33) 

14th 	 6.44 	.4 	 0.141 7 0.120 	0,041 7 0.049 
(3) 	 (2) 	 (2) 

17th 	 267.47 10 1.0 	0.0777 0.026 	0.0 13 7 0.006 
(6) 	 (5) 	 (5) 

18th 	 53.1 7 8.9 	 0.052 	0.011 	0.0107 0.002 
(14) 	 (9) 	 (9) 

19th 	 87.27 42.4 	0.075 70.009 	0.0147 0.002 
(13) 	 (9) 	 (9) 

' d.w. = dry weight. 

b SE = standard error. 

These samples were collected in countryside graveyards and probably represent 
the rural population, i.e. different from the Polish mediaeval set of samples 
collected in the city of Krakow. In the 18th Century in Lima, Peru, the mean 
lead concentration in bones (46.9 igg 1  ) was similar to the levels in Krakow at 
the same time (53.1 gg'). This probably reflects similarities in the household 
and medical exposures to lead in both communities. 

Unlike lead, the concentration of 226 Ra in the bones of Polish population 
did not change much through eighteen centuries. The mean concentration of 
this radionuclide in contemporary bones in southern Poland is about six times 
lower than in the 3rd Century. in the bones from Egypt and Peru this concen-
tration was also higher than the present global mean of 0.0085 pCig 1  [12]. 
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TABLE III. MEAN CONTENT OF Pb AND 226Ra IN BONES OF RESIDENTS 
OF SOUTHERN POLAND, EGYPT, USSR AND PERU (.Vo. of samples in 

paren t/t eses) 

Country Century 

Pb 

(gg' d .w. d 	SEb) (pCig' Ca 	SE) (pCg' d.w. 	SE) 

Poland 3rd 2,9 T 0.6 0.167 	0.026 0.030 	3,003 
 (13) (13) 

Poland 11th to 68.5 	13.5 0.36 7  1 0.006 0.013 	0.002 

19th (48) (28) (28) 

Poland 20th 3.3 T 1.0 0.029 T 0.003 0.005 	0.001 

(41) (41) (41) 

Egypt 12th BC 7.4 	0.6 0.078 T  0.013 0.015 T 3.002 

(6) (6) (6) 

USSR 40th BC to 3.0 	1.3 0.861 	0.800 0.217 	1207 

19thAD  (21) (21) 

Peru 18th 46.9 	3.9 0.050 	0.003 0.013 T 0.001 

(59) (59) (59) 

dos. = dry weight. 

SE = standard error. 

The highest content of 22 Ra in the bones from Georgia may have resulted from 
the contact of skeletons with the ground. The decrease of 226 Ra content in the 
bones of the contemporary population probably results from the introduction 
of drinking-water treatment systems which remove 70 -99% of 22 Ra [151 and 
from decreases in the consumption of bread and cereals which are principal 
sources of 226 Ra intake in the Polish diet [16, 1 7J. 

During the 20th Century, when the lead content in atmospheric precipitations 
in Poland increased dramatically, the concentration of lead in human bones 
decreased, paradoxically, to a level not much higher than natural background. 
Also, the level of 226Ra in the Polish population did not increase by the recent 
rise of 226 Ra content in precipitation. The same factor which caused the increase 
of lead content in the atmosphere, i.e. the development of industry, improved 
living and hygienic conditions, and resulted in decreasing the lead level in the 
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population by eliminating lead from cooking utensils, tableware, storage containers, 
water pipelines, etc., which were once the source of epidemic contaminations 118]. 
Probably even more important for the observed effect was the elimination of lead 
compounds from therapeutic use. From time immemorial until recently, lead 
compounds were administered orally for treatment of pneumonia, lung haemorrhage, 
haemorrhagic nephritis, diarrhoea and a score of other diseases f 19,  201,  and 

externally in the form of ointments, plasters, douches, mouth-washes, baby and 
toilet powders, cosmetics, etc. t181. This indicates that the old household and 
medical sources of lead exposure contributed much more to the contamination 
of the general population than the new environmental sources. This rather 
optimistic situation may well be long-lasting. Even with continued pollution of 
the environment at the current rate, it seems unlikely that we might in the future 
lose much of what has been gained in the recent past by the improvement of 
hygienic conditions. 
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DISCUSSION 

L.D. HAMILTON: Have you carried Out any measurements in polluted 
areas on tissues other than hone •for example, cadmium in kidneys? 

Z. JAWOROWSKI: Yes, we are currently measuring 226Ra, 210Pb, U, Th, 
Pb, Cd and Zn in lungs, kidneys, livers and bones of inhabitants of Silesian urban 
areas. We plan to continue this study for the next three or four years. 

R. WILSON: Have you any information on acid rain during the period of 
study and the acidity levels in lakes? 

Z. JAWOROWSKI: In the Himalayas and Ruwenzori and near Mt. McKinley 
in Alaska we measured the acidity of glacier ice and found pH values of 4.0 to 4.5 
in many samples from the pre-industrial period. 

B.L. TRACY: You have shown that there is no apparent correlation between 
industrial emissions and radium and lead in human bone. Could one possible 
explanation be that these elements in fly-ash and dust are highly insoluble and 
are hence not available for biological uptake? 

Z. JAWOROWSKI: Yes, I think it could. 
L.J. RAMBERG: I should like to make a comment. A comparison of heavy 

metals in man between regions or in time - must take into consideration the 
fact that the food distribution system (the ratio of locally produced food to the 
total amount ingested) may well be different between regions or have changed 
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during history. It must also take into account the fact that the solubility 
(leaehahility) and uptake by vegetation of many heavy metals is strongly pH-
dependent. Differences in soil properties between regions are common and may 
well also occur with time as a result of, for example, changes in the use of fertilizers 
and lime. 

AC.M.J. BOUVILLE: With regard to the radioactive substances emitted 
from the burning of coal, you studied "Pb. 226Ra and U. Would it not be of 
greater value to measure thorium isotopes ( 23 °Th or 232Th) in human organs and 
tissues? Since the main pathway to man for thorium is inhalation, this element 
might prove to be a better index of radioactive contamination produced by the 
burning of coal. 

Z. JAWOROWSKI: You are quite right, and we are now measuring thorium 
in soft tissues. 

M. EL DESOUKY: In your presentation you talked about mineral dust 
which is a rather comprehensive term. What was the exact composition of this 
dust? 

Z. JAWOROWSKE: This is mineral dust which was measured following 
dry-ashing at 450 ° C of residues left after the evaporation of ice samples. 
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Abstraa 

ASSESSMENT OF THE IMPACT OF RADIONUCLIDES IN COAL ASI -I. 
An assessment of the potential environmental and health impacts of radionuclides in 

the coal fuel cycle is being conducted at Mound. This paper describes studies evaluating 
the potential for migration of radionuclides from ash disposal sites. Studies at a power plant 
burning western-US coal dealt with an assessment of potential radiation doses from coal ash 
ponds and leachate discharges of radionuctides from the ponds. Emanation of 222Rn from 
the ash is relatively tow. The emanation of 222Rn from the ash pond (226Ra at 4.5 pCi.g 1 ) 

is predicted to be about six times less than from soil (226Ra at 1 pCi.g'). Ash with 226Ra at 
25 pCi.g 1  would approximate emanation of 222Rn from soil. At 1000 m from the centre 
of the ash pond area, 222Rn from the ash pond is predicted to be 1000 to 6000 times less than 
background (0.1 to 0.5 pCi. ltr). Pathways exist for transport of radionuclides leached from 
ash into the aquifer beneath the holding ponds, but concentrations of radionuclides in water 
leaving the ponds are lower than concentrations in groundwater which is upgradient of the 
ponds. Leachability of the ash is quite low, on the order of 0.002% in one month, and flow 
of ash-sluicing water (3% of the volume of the ponds each day) has actually diluted normal 
background concentrations of radionuclides in the aquifer between the ponds and the adjacent 
river. 

INTRODUCTION 

Coal is expected to play an increasingly important role in 
meeting energy needs of the United States as we move to reduce 
our dependence on imported fossil fuels. The combustion of coal 
releases trace elements, including naturally occurring radio-
nuclides, to the atmosphere as vapors and particles; and these 
particles have relatively greater concentrations of certain 
trace constituents than the feed coal [1-4]. Although the en-
vironmental impact of these residuals on ecosystems is not cer-
tain, control of these residuals appears to be a reasonable 
goal within acceptable cost limits. 

* Operated by Monsanto Research Corporation for the US Department of Energy under Contract 
No. DE-AC04-76-DP00053. 

MO 
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A project was initiated at Mound Facility to assess the 
fate of radionuclides in coal and their associated health and 
environmental effects, Phase I included in the experimental 
design a plan to broadly survey pathways of radionuclides in the 
coal fuel cycle for western U. S. coal. 

Samples of coal collected in Phase I from 19 active western 
mines that produce 65% of the coal mined in the province had an 
average concentration (95% confidence limits) for uraniuni-238, 
uraniuni-234, and radium-226 of 0.31 (±0.10) pCi/g [5]1  The data 
for uranium-238 are somewhat below the national average (0.60 
pCi/g) [6]. Pathways of radionuclides in a coal-fired steam 
electric generating plant (1000 MWe) were investigated through 
analysis of coal, bottom ash, fly ash, stack effluents, airborne 
particulates, soil and vegetation. Bottom ash and fly ash con-
tained relatively higher concentrations of uranium-238, uranium-
234, thoriurn-230 lead-210, and polonium-210 than did the feed 
coal. Although some small fraction of the radionuclides appar-
ently bypassed the electrostatic precipitator as vapors or in 
association with very fine particles as do other constituents 
of coal, the electrostatic precipitator effectively controlled 
emission of radionuclides associated with fly ash. Atmospheric 
dispersion calculations, using data on stack effluents, indi-
cated maximum depositions over a 20-yr period to be 0.1 to 1.0% 
of measured background concentrations [71. 

Coal ash is presently accumulating in the United States at 
a rate in excess of 60 million tons annually [8]. Roughly 10% 
of this is being used in a variety of products such as concrete, 
aggregate in stabilizing roadways, and a filler in putty, paint 
and wallpaper. Fly ash may also be used as a 'dewatering" agent 
for waste slurries from flue gas desulfurization systems. The 
vast majority of waste products from flue gas desulfurization 
systems will be directly disposed of in ponds or used in land-
fill [9]. The potential of such practices for enhancement of 
radiation doses to man warrants further evaluation. 

The scope of Mound's assessment of the radionuclide concen-
tration in coal refuse and the potential migration of radionu-
clides from ash disposal sites has remained limited to western 

1 Cr3.7X  1010Bq. 
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U. S. coal. Los Alamos National Laboratory is evaluating east-
ern U. S. coal. Mound's efforts are reported here for the 
following tasks: 

Evaluation of potential for airborne radiation doses 
from coal ash. 

Evaluation of leachate discharges of radionuclides 
from coal ash ponds to groundwater and surface water. 

POTENTIAL RADIATION DOSES FROM COAL ASH 

In this study of ash ponds at the George Neal Power Station 
near Sioux City. iowa, U.S.A. (Figure 1), two pathways are con-
sidered which may potentially result in radiation doses to in-
dividuals in the vicinity of a site where ash has been deposited. 
The first pathway is the emanation and subsequent dispersion of 
radon-222 from the ash. Upon decay, radium-226 forms radon-222, 
which is an inert, radioactive gas. The radon can diffuse 
through voids within and between particles of ash, and then 
emanate from the surface of the ash pile. Upon dispersion, the 
radon and its short-lived decay products may be inhaled, and 
thus produce a radiation dose in the lungs of individuals in 
the vicinity of the ash pile. Also, the decay products of 
radon may deposit on the ground and subsequently decay to lead-
210, bismuth-210 and polonium-210. These radionuclides may 
then be taken up by food crops grown in the area, and individ-
uals may receive radiation doses from the ingestion of these 
foods. Because ash contains concentrations of radium-226 that 
are slightly greater than those generally found in soil, the 
doses resulting from the emanation and dispersion of radon-222 
may be larger than those resulting from background radon-222. 

The second pathway is the suspension and dispersion of the 
ash itself. The dried areas of the ash ponds at the Neal Station 
seemed to have formed a Crust on the surface that eliminated or 
retarded the suspension of the ash by wind. However, it seems 
likely that if the ash were to remain unstablized over a long 
period of time this crust would break up as the result of var-
ious weathering processes, and the ash could then be suspended 
and dispersed by wind. Thus the ash is a potential source of 
radiation doses to individuals in the vicinity, through inhala-
tion of suspended ash and ingestion of foods which may take up 
deposited radionuclides. It should be pointed out that the 
intent here is to estimate the potential impact of the ash if 
it is left in place over a long period of time in an unstabil-
ized condition (so that suspension is possible). Dispersion of 
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ash resulting from short-term disturbances, such as digging and 
moving the ash, is not considered here. 

Physical characteristics of the ash, emanation of radon-
222, and derivation of source terms for dispersion modeling are 
described elsewhere [10]. 

Atmospheric dispersion calculations were performed to esti-
mate ground-level air concentrations and deposition rates of 
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radioriuclides as well as doses from inhalation and ingestion 
pathways, resulting from the release of 1.42 Ci of radon-222 
per year from the ash piles at the Neal Station, the ash con-
taining radium-226 at 4.5 pCi/g. A computer code [11], which 
is currently being used by the Tennessee Valley Authority for 
uranium mining and milling licensing calculations, was used to 
perform the calculation. This computer code uses a sector-
average Gaussian dispersion plume model and uses methodologies 
consistent with U.S.N.R.C. Regulatory Guides 1.109 1121 and 
1.111 [131. Further, the code explicitly calculates decay and 
growth of all radionuclides in the uranium-238 decay series. 

The meteorological data used in the dispersion calculations 
were obtained from the National Climatic Center in Asheville, 
North Carolina. These data were based on observations covering 
the 5-yr period, January 1970 through December 1974, at the Sioux 
City, Iowa, weather station. 

For each receptor location, the following were calculated: 
ground-level air concentration of radon-222, polonium-210, lead-
214, bismuth-214 and polonium-214; ground-level air concentra-
tion of the short-lived decay products of radon-222 in working 
levels (WL); deposition rates of polonium-218, lead-214, bismuth-
214 and polonium-214; annual average inhalation dose to the 
bronchial epithelium; and annual average ingestion dose to bone, 
total body, kidneys, liver and G.I. (gastrointestinal) tract. 

The location for which the calculated doses were the largest 
was at 1000 m in the WNW direction, hereafter referred to as 
"1000 11 WNW". A summary of the calculated concentrations, deposi-
tion rates and doses for this location is presented in Table I. 

There are no regulatory guidelines or limits which directly 
apply to release of radionuclides from coal-fired power plants. 
However, the concentrations of radon-222 (6,9 x lO 	pCi/liter) 
and its decay products (8.0 x 10 8  WL) are small in comparison 
with the limits listed in 1OCFR20 for release to uncontrolled 
areas: 1 pCi/liter for radon-222 or 1/30 WL (0.033WL) for the 
short-lived decay products of radon-222. In fact, the radon-222 
concentration in Table I is small in comparison with background 
concentrations which are typically on the order of 0.1 to 0.2 
pCi/liter [14]. Also, the doses are small in comparison with 
proposed limits under 40CFR190 for uranium fuel-cycle facilities 
of 25 mrem to total body or any organ other than thyroid. 

The effects resulting from radon-222 emanating from the ash 
piles at the Neal Station are insignificantly small, even if 
they were an addition to background. However, the ash is physi- 
cally replacing the soil that would be there if the ash were not. 
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TABLE 1. ANNUAL AVERAGE CONCENTRATIONS, DEPOSITION RATES 
AND DOSES AT 1000 mWNW 

Parameter 	 Calculated Value 

Rn-222 conc. 	 6.9 x 10 -  pCi/liter a 
 

P0-218 conc. 	 4.9 x 10p0i/iiter 

Pb-214 conc. 	 5.4 x 10pCi/1iter 

Bi-214, Po-214 conc. 	 5.9 x 10 7 pCi/lit€r 

Combined Radon Decay Products 	 8.0 x iOWL 1' 

P0-218 dep. 	rate 3.0 	x 100  1Ci/ni 2 	-sec 

Pb-214 	dep. 	rate 2.6 	x lC' ' iCi/n 	-sec 

Bi-214, 	Po-214 dep. 	rate 2.3 	x 10 32  MCi/H -sec 

inhalation dose to bronchial 	epitbelium 8.5 x 10 mrem 

Ingestion dose to: 

Bone :3.9 	a 10 mrem 

Total Body 1.6 	a 10 rorem 

Kidneys 3.8 	a 10 rnrern 

Liver 1.3 	x lO nirem 

D. 	I. 	Tract 3.4 	x lO crew 

a 	curie3.7X lO' ° Bq. 
b WL = working level. 

According to Harley [141 a reasonable average value for radon-
222 emanation from soil is 1600 pCi/cm 2 -yr or about 0.5 pCi/rn 2 -

sec. If it is assumed that this value is applicable to the soil 
in the vicinity of the Neal Station, and that the derived value 
for ash of 0.09 pCi/m 2 -sec is accurate, then the ash piles at 
the Neal Station may be emanating less radon-222 than the soil 
without the ash. Another way of stating this is that if the 
radium-226 concentration in the ash were increased to about 25 
pCi/g, then the radon-222 emanating characteristics of the ash 
would be essentially the same as those of soil, and the effects 
of radon-222 emanation would be indistinguishable from background. 
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The value of 0.09 pCi/m 2 sec was derived considering only the 
ash as a source of radon-222; therefore, the actual radon flux 
from the surface of the ash pile may be somewhat larger than this 
value because of radon-222 emanating from the soil beneath the 
ash piles. However, the radon-222 flux from the surface of the 
ash piles should be lower than that from the surrounding soil. 
It is therefore concluded that radon emanation from the ash piles 
at the Neal Station is of no present or potential environmental 
concern. 

Atmospheric dispersion and dose calculations were also per-
formed for the suspension of ash [10] in the same manner as was 
described in the previous section for the dispersion of radon-222. 

The largest doses calculated were for location 1000 m SSE. 
The largest inhalation dose was approximately 1.8 mrem to bone. 
The breakdown of doses by radionuclide indicates that, for kid-
neys, liver, bone and lungs, the isotopes of thorium contribute 
a very large percentage of the total dose. For total body and 
the G.I. tract, radium-226 is the largest contributor to the 
total dose, with the thorium isotopes making up a large percent-
age of the remainder. 

The largest ingestion dose was approximately 40 mrem to bone. 
The breakdown of doses by radionuclide indicates that, for every 
organ, radium-226 and lead-210 contribute a very large percent-
age of the total dose. 

It must be reemphasized that the methodology used to calcu-
late suspension source terms is based on models which have not 
been verified. The intent was to arrive at a rough, order-of-
magnitude estimate of potential effects should the ash ponds be 
allowed to be suspended and dispersed by the wind. One should 
keep this in mind when interpreting the above results. 

The largest calculated dose was to bone and resulted almost 
entirely from deposition of radium-226. The concentration of 
radium-226 in the ash was measured to be about 4.5 pCi/g. The 
average concentration of radium-226 in soil is reported to be 
on the order of 0.7 pCi/g [151. Data presented in the Phase I 
report [1] indicate that the radium-226 concentration in soil in 
the vicinity of the Neal Station should be in the range of about 
0.6 to 2.0 pCi/g. Thus, application of the models used here to 
the suspension, dispersion and deposition of soil would lead to 
predicted ingestion doses on the order of 10 to 45% of those pre-
dicted for ash. Therefore, the dose methodology used here would 
predict that background ingestion doses may be an appreciable 
fraction of the 25-mrem limit proposed under 40CFR190. Further, 
it was assumed that the radionucl ides in the ash were available 
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TABLE Il. LEACHABILITY OF NEAL STATION COAL AND ASH 
WITH WATER 

Sample 	 8adonucflde 
Concentration 

(pCi/g) 
Total 	Attvity 
In 	Ss 	(pCi) 

Total 	Activity 
In 	Leachates 	(pCi) 

Percent 
Leached 

Neal 	Station 	3-238 3.54 	± 0.02 41 0.36 3.88 

Coal 	 0-234 0.50 	t 0.02 40 0.65 1.6 

3-235 0.022 	t 0.033 1.7 0.025 15 

Th-231 0.28 	0.006 21 0.05 < 0.2 

Tb-230 0.63 	0.10 47 0.06 0.13 

P6-210 c.40 	0,12 3C 4.7' 0.3 16 

Neal 	Station 0-238 3.93 0.09 2950 0.035 0,3012 

Ash, Pond 	#3b U-234 3833 + 	0.09 2950 0.066 0.0022 

(32302) u-235 0.18 ' 	0.02 135 ' 	3.015 <3.01 

Th-232 2.04 ' 	0.11 1S30 0.057 0.0037 

Th-230 4.67 0.11 3500 0.11 0.0031 

PS-210 2.98 '0.23 2230 1.5 1 0.37 

Neal 	Station U-238 4.01 ' 	0.13 2400 0.035 0.0015 

Ash, l'or,d 	3b U234 4.03 	' 0.13 2420 0,047 0.0019 

(32303) 0-235 0.22 ' 	0.02 132 <0.012 <0.01 

Th-23? 1,516 0.10 1120 0.017 3.0015 

Ttn230 444 	+ 3.19 2660 0.11 0.0041 

Pb-210 3.08 	- 0.35 1859 '1.2 '.: 	0.07 

Neal 	Station U-238 4,41 ' 	0.14 2200 0.023 0.3013 

4±h,Por'd 	z3b 9-234 444 0.14 2220 0.044 0.0023 

(32304) 9-235 0.22 ' 	0.03 110 < 0.01 

Th-232 1.93 ' 	0.11 965 0.315 0.0016 

Th-230 4.57 13.15 2300 0.055 0.0024 

Pb-213 3.62 0.23 1810 ':1.3 <0.07 
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for uptake by plants. Data presented in Table II indicate that 
the radionuclides are not easily leached from the ash and there-
fore may not be taken up by plants. Thus, the ingestion doses 
would be greatly reduced. For these reasons, it is considered 
that the potential impact through the ingestion pathway result-
ing from the suspension of ash is not significant. However, it 
is also recommended that a prudent approach should be taken for 
the long-term storage of the ash, and that the ash should be 
stabilized to preclude suspension and dispersion. 

LIQUID DISCHARGES FROM ASH PONDS 

The potential for release of radionuclides from coal ash 
ponds was evaluated through a series of ash leachate studies and 
a survey of geohydrology at the George Neal Steam Electric Gen-
erating Station, Sioux City. Iowa (Figure 1). 

Leaching experiments were performed on material from Ash 
Pond #3B (Figure 1) of the Neal Station and coal from the Neal 
Station. 

Distilled water and 75- to 150-g samples were placed in 1-
liter Erlenmeyer flasks and shaken on a Burrell Wrist-Action 
Shaker or stirred with a magnetic stirrer. Replicate leachates 
were combined and divided into two equal samples for duplicate 
analyses [10). 

Measured concentrations of radionuclides leached from ash 
and coal are given in Table II. The data show that very little 
of the elements of interest was found in the leachates. However, 
radienuclide concentrations were significantly higher in coal 
leachates than in ash leachates. The data also suggest that 
uranium-234 is more leachable from most of the samples than 
uranium-238 is. This suggests that the radionuclide decay pro-
cess may cause activities of daughters to be less bound to the 
saniple matrix than the parent radionuclide. 

The field study involved an assessment of surface and ground-
water transport of selected radionuclides from ash ponds of the 
Neal Station to the environs. Specific objectives included: 
(1) identify radionuclide levels in the surface water and ground-
water regimes at the site 	(2) assess the hydrologic and geologic 
conditions at the Neal Station from available historical informa-
tion, and (3) formulate a preliminary working model describing 
the operating mechanism for movement of radionuclides from the 
ash pond system. Samples of water from ash ponds, test wells 
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(Figure 1), and the Missouri River (Figure 1) were analyzed for 
radionuclides as described in Styrori et al. [10] for stable trace 
elements by Inductively Coupled Argon Plasma Emission Spectroscopy. 

Samples were collected from nine groundwater monitoring we]fs 
(Figure 1) and eight river sampling locations (Figure 1) on July 
16-18, 1979, and June 23-24, 1980. The following data were 
gathered at each monitoring well: date, time, weather, well nurn-
ber, water level before and after pumping, depth to well point, 
pH and general appearance of the water. All samples, except for 
fractions designated for gross alpha and gross beta analyses, were 
filtered and acidified at the power plant. 

Data are grouped according to the particular types of en-
vironment found in the study area. The environments identified 
and data points (sampling locations) representing these environ-
ments include: 

Envi ronment 
	

Data Points 

Missouri Ri ver 

Coal pile - groundwater 

Ash pond - groundwater 

Background - groundwater 

River sample locations 1 - 8 

Groundwater monitoring wells 
1, 2, 3, 4, 10 	and 11 

Groundwater monitoring wells 
5, 6 and 7 

Groundwater monitoring wells 
8 and 9 

Data on concentrations of radium-226, gross alpha, gross 
beta, and trace elements are summarized in Table III. Groundwater 
samples from background wells (8 and 9) had the highest concen-
traton. of radium-226. Groundwater down-gradient of the ash 
ponds and coal pile had concentrations of radium-226 that fell 
between the concentrations found in background groundwater and 
surface water of the Missouri River. Gross alpha activity was 
also lower in ash pond and coal pile groundwater than background 
groundwater in 1980. The trend for gross beta activity was some- 
what different. Background wells had the lowest value; the rivers 
next lowest; and the coal pile and ash pond wells the highest. 
Except for sodium, phosphorus and potassium, most stable ele-
ments that were measured were found at the same or lower concen-
trations in groundwater from the ash pond environment than in 
water from background wells. 

In order to examine the groundwater gradients near the ash 
ponds, water levels were measured in nine shallow monitoring wells. 
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l'JG.2. Water balance for the ash ponds at the North Neal Genersting Station. The surface area 

of the ash ponds (1, 2, 3A and 31]) Is 4.23 X 10' rn 2 , the capacity of the ponds, which have 

an al'erage depth of 3. 05 rn, is 1.29 X 10 rn 3. 

Water levels measured on July 16 and July 18, 1979, and June 23, 
1980, indicate that the predominant groundwater gradient is to-
ward the river. Groundwater gradients are slightly steeper near 
the river. However, they do not exceed one-half percent. 

During the site investigation, no discharge through the dikes 
or indication of surface runoff were observed. Additionally, it 
was reported by personnel from Iowa Public Seryice Company that 
discharge from the ash pond has never been observed. The con-
clusion is evident that, except for the small amount of evapor-
ative loss, almost all the 3.19 x 10 liter/day (9 424 000 gall 
day) input, i.e. 3.12 x 10' liter/day (8 240 000 gal/day), flows 
directly out the bottom of the ash pond and ultimately enters the 
groundwater regimes, which will discharge into the river. A diagram-
matic sketch representing the operative mechanism is shown in 
Figure 2. 

In this context, we considered a possible scenario in which 
the burning of coal would tend to concentrate uranium and its 
daughter products in the ash. In this scenario, the ash disposed 
of in containment ponds may be selectively leached and excessive" 
amounts of radionuclides made available to the groundwater for 
subsequent transport. 

Groundwater samples representing the background environment 
had the highest concentration of radium-226 whereas the ash pond 
environment had the lowest. This observation is diametrically 
opposed to the proposed scenario. 
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Studies on leachability of radionuclides from Neal Station 
fly ash point strongly to limited solubility of radionuclides 
bound in fly ash particles. It is plausible that river water, 
which is relatively low in concentration of radium-226 (0.074 
pCi/liter), used to sluice ash to the holding ponds, in passing 
from theponds to the aquifer dilutes natural background (0.216 
pCi/liter) to levels observed for the ash pond groundwater environ-
mont (0.112 pCi/liter). The short residence time of sluicing 
water in the pond and the low leachability of radionuclides from 
ash indicate that little of the radionuclides in ash is trans-
ferred to groundwater. 

Comparison of concentrations of stable trace elements ir the 
ash pond and background groundwater environments suggest that di-
lution by ash pond water may also be lowering natural levels of 
bariuFil, calcium, iron, magnesium, manganese and strontium. The 
concentration of sodium in water down-gradient of the ash ponds 
is higher than in the background environment, but the levels are 
not greatly different from those found in river (sluicing) water. 
The highest concentration of boron is associated with ash pond 
groundwater. 

In summary, pathways exist for the transport of radio-
nuclides into the hydrologic regime, but concentrations of radio-
nuclides in water leaving the ponds are less than concentrations 
in groundwater upgradient (Wells 8 and 9) of the ponds. Radio-
nuclide levels observed in monitoring wells are not significantly 
different from levels observed in the background environment 
(Wells 8 and 9). 

CONCLUSIONS 

Modeling of the emanation and dispersion of radon-222 
from the ash ponds at the Neal Station indicated that 
there is no significant potential environmental impact. 
In fact, because of the very small radon emanation 
power of the ash, the radon flux from the surface of 
the ash pond is predicted to be less than from typical 
soil. 

Modeling of the suspension and dispersion of the ash 
itself indicated no significant potential impact from 
the radionuclides in the ash. The modeling did indi-
cate, however, that annual doses from ingestion of 
foods grown in the immediate vicinity of the ash ponds 
could conceivably be of the same order of magnitude as 
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the 25-mrem limit proposed under 40CFR190 for uranium 
fuel cycle facilities. Therefore, it is recommended 
that the ash be stabilized for long-term storage in 
order to prevent the ash from being suspended and dis-
persed. 

3. Pathways exist for transport of radionuclides leached 
from ash into the aquifer beneath holding ponds at the 
Neal Station, but concentrations of radionuclides in 
water leaving the ponds are lower than naturally occur-
ring concentrations in groundwater upgradient of the 
ponds. Percolation of ash pond water into the aquifer 
appears to have diluted normal background concentra-
tions of radionuclides. 
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DISCUSSION 

K.E. BRODERSEN: You mentioned that the radon emission from fly-ash 
was less than from soil. I take it that these measurements were made on samples 
with similar moisture content, as the results could not otherwise he compared. 

C.E. STYRON: The measurements were made on dried samples. 
K.E. BRODERSEN: The conclusion you drew from these measurements 

was that radon emission is neither an actual nor a potential problem. Does that 
mean that you have investigated the aging behaviour of the ash, since its properties 
might change with time? 

CE. STYRON: We have not looked at the effects of the aging of the ash 
on emanation power. 

M. EL DESOUKY: At one point in your discussion of the dispersion of 
radon gas and its decay product, you mention that the location for which the 
largest concentration was calculated was at 1000 m in the WNW direction. At 
another point, you say that the location of maximum suspension of ash was at 
1 000 m in the opposite direction. What is the reason for this'? 

C.E. STYRON: The difference in direction for our predictions of maximum 
concentration of 22 Rn and maximum suspension of fly-ash can be attributed to 
the mechanisms leading to the dispersion of these components. The maximum 
concentration of 222 Rn occurs under conditions of low wind speed. Maximum 
suspension of ash will occur under conditions of high wind speed. Low wind 
speed leads to maximum radon concentration in the WNW direction, while the 
higher wind speeds leading to the suspension of fly-ash are in the other direction. 



184 	 STYRONetaI. 

J. SINNAEVE: You mention very low leaching rates both for laboratory 
studies and field observations. What type of water was used in the laboratory 
studies, and could you Comment on the physicochernical properties of the river-
water used in the field studies? 

C.E. STYRON: Distilled water was used in laboratory studies. The pH of 
the river water was about 7.5, that of the sluicing water was 11.0. and that of 
the ash pond water was 8.0 to 9.0. 

J. HII3BERT: Power-station ash is sometimes used as infill material in land-
reclamation programmes. This land may be used subsequently for farming 
purposes, including cereal production or dairying. Have you any information 
on the uptake of isotopes by this route into the food chain or, alternatively, 
do you propose to undertake investigations in this area? 

C.E. STYRON: I'm afraid not. We have not studied the uptake of radio-
nuclides from fly-ash in this context, nor do we have any plans at the moment 
to undertake such an investigation. 

Z. JAWOROWSKI (Chairman): Following a fairly lengthy study in Poland, 
it was decided that fly-ash from lignite could be used as a fertilizer and it is now 
so used on a large scale. 
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RADIOLOGICAL IMPLICATtONS OF 
THERMAL POWER PRODUCTION 

B.L. TRACY, F.A. PRANTL 
Radiation Protection Bureau, 
Department of National Health and Welfare, 
Ottawa, Ontario, 
Canada 

Abstract 

RADIOLOGICAL IMPLICATIONS OF THERMAL POWER PRODUCTION. 
Coal combustion, along with nuclear energy, is destined to play an increased role in 

Canada's energy future. An evaluation of the health risks of coal utilization is incomplete 
without consideration of naturally occurring radionuclides released during combustion or 
leached at a later time from ash disposal sites. To provide insight into this matter, an investigation 
was undertaken at the 4000-MW(e) coal-burning station at Nanticoke, Ontario. The measured 
radionuclide concentrations in air, water, soil and vegetation within 20 km of the station did 
not show any enhancements that could be directly attributed to emissions from coal combustion. 
Predictions based on radionuclide balance at the station and atmospheric dispersion calcujations 
indicated that the enhancements in the environmental concentrations would be less than 1 1/0 

of the measured background values. Inhalation of airborne activity was found to be a more 
significant contributor to individual dose commitments than ingestion of deposited activity. 
Doses were two orders of magnitude lower than those resulting from routine emissions from a 
nuclear generating station of similar capacity. Potential health effects from these radiation 
exposures were also compared with the impact of other pollutants released in coal combustion. 
Of the radionuclides, only uranium isotopes showed any measurable leachability from fly ash. 
The use of fly ash as a component of building material is discussed. 

INTRODUCTION 

At present about 70% of Canada 1 s electric power 
requirements are met by hydroelectric developments, the 
remainder being provided by fossil fuels and nuclear energy. 
Based on a projected annual growth rate of 5%, the demand for 
electric power will have more than doubled by the year 2000. 
Less than half of this increased demand can be met by present 
and proposed hydroelectric projects. Furthermore, future oil 
supplies in Canada are not well assured. Consequently, an 
increased emphasis is being placed on both coal and nuclear 
energy. 

Ontario Hydra, the publicly-owned utility of 
Canada's most populous province, has undertaken major 
developments in both these areas. One of the most recent 
projects is the Nanticoke Thermal Generating Station, situated 
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on the north shore of Lake Erie,about 100 km southwest of 
Toronto. With a total generating capacity of 4000 MW(e), it 
is the world's largest coal-burning generating station. The 
fuel currently being burned at the plant is a 50/50 mixture of 
U.S. Appalachian and western Canadian coal. The surrounding 
area is largely rural, and the land is used to grow a variety 
of vegetables, fodder crops and tobacco. 

From its beginning in 1968, the station has been 
equipped with modern pollution control equipment. Flue gases 
are cleaned of particulate matter by electrostatic precip-
itators with a rated collection efficiency of 99.5%, and are 
dispensed to the atmosphere by two 200-metre-high stacks. 
Waste ash, consisting of 80% fly ash and 20% bottom ash, is 
pumped as a slurry to an 80-hectare on-site storage lagoon. 
Water from the lagoon is re-circulated in a closed loop, and 
the lagoon is lined in order to prevent contamination of 
ground water supplies. Although there are no immediate plans 
for the utilization of this ash, it is hoped that it may 
eventually be marketed for landfill, roadbed construction, and 
as a constituent of concrete. 

Since the early seventies, an extensive program has been 
conducted under the umbrella of the Nanticoke Environmental 
Management Program. Its primary purpose is to study the 
environmental implications of large-scale power production 
from coal. Within this broad objective, a multitude of 
individual studies have been carried out by federal, provincial, 
industrial agencies and universities. This has involved plume-
dispersion studies; measurements of sulfur dioxide, oxides of 
nitrogen, hydrocarbons, ozone, particulate matter and trace 
elements; determinations of soil acidity; and phytotoxicological 
studies with emphasis on cash crops. 

in 1979 a health-oriented study of the impact of the 
Nanticoke environmental emissions was launched by the Department 
of National Health and Welfare. It was soon recognized that 
certain gaps in knowledge had to be filled. In particular, 
more work was needed on radiological implications. Some 
studies [1,2,3] have indicated that population exposures from 
radionuci ides in the naturally occurring uranium and thorium 
series released by coal-burning power stations may be comparable 
to those from fission products released by nuclear power stations. 

This paper describes investigations carried out in the 
latter half of 1979 to determine whether radionuclide emissions 
from the Nanticoke station had any measurable effects on 
environmental levels, and what the most significant pathways of 
these radionucl ides to man would be. Estimates of radiation 
doses and associated health risks would then facilitate com-
parisons with other pollutants released in coal combustion and 
with other forms of energy conversion. The investigations 
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would also help to identify areas where further research is 
needed. 

2. DESIGN OF THE STUDY 

The study has focussed on atmospheric emissions of 
radionuclides from the stacks and on leaching or emanation of 
these radionuclides from ash disposal sites. Atmospheric emission 
rates were estimated from measured concentrations in coal and fly ash 
and from coal consumption data at the station. Dispersion 
calculations were carried out to predict radionuclide concen-
trations in ambient air. The predicted values were then 
compared with the results of experimental measurements on air 
filters, precipitation, soil and vegetation collected in the 
plant vicinity. Radiation dose calculations were carried out 
for the most exposed individual. Leaching of radionuclides 
from ash was studied by taking samples of water from the 
storage lagoon and by carrying out solubility tests in the 
laboratory. 

All samples were subjected to analyses by gamma-ray 
spectroscopy. In addition, the environmental samples were 
analyzed radiochemically for 226Ra and fluorometrically for 
total uranium. Radiochemical determinations of 210Pb and 
222Rn were carried out on the water samples. 

Dispersion calculations were based on a Gaussian plume-
dispersion model with parameters from Smith [41 and Hosker [5]. 
Meteorological data from a nearby station (Simcoe, Ontario) 
were analyzed by the STAR program [61 to give average annual 
and average monthly probabilities for wind direction, wind 
speed, and Pasquill stability category. 

Dose calculations were carried out for a "worst case' 
individual who lives at the location of the highest predicted 
ground-level concentration of radionuclides and who consumes 
only food raised or grown in the immediate area. Inhalation, 
ingestion and "groundshine (i.e. exposure to deposited 
radioactivity) were considered. A breathing rate of 
2.6€ x lO 	ni/s [7]  and a particulate deposition velocity of 
0.01 rn/s [8 were assumed. Factors for the uptake by plants 
of 226Ra, 2IOPb and uranium were based on our recent measure-
ments at Port Nope, Ontario [9]. Factors for surface de-
position on crops and transfer to meat and milk were taken 
from USNRC Regulatory Guide 1.109 [101. Annual consumptions of 
various food groups were based on Nutrition Canada data [111. 
Inhalation and ingestion doses were based on ICRP-30 [121, 
and groundshine doses were calculated by factors from Kocher 
[13] for exposure to an assumed one-year's deposition of 
activity and time fraction spent outdoors of 100%. The 
radionuclide 40K was not included in these dose calculations 
because of uncertainties in its metabolic behaviour. 
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TABLE I. RADIONUCLIDE CONCENTRATIONS (Bq/kg) 
IN COAL AND ASH FROM THE NANTICOKE 
GENERATING STATION 

Mud ide 	
Feed 	Fly 	Botton 
Coal 	Ash 	Ash 

40 K 	 26.4±0.6 	204±4 	245±4 

U-Series 	12.4±0.3 	92±3 	91±3 

Th-Series 	7.53±07 	58±2 	61±2 

3. RESULTS AND DISCUSSION 

Radionuclide concentrations in coal and ash samples from 
the generating station are shown in Table I. Members of the 
uranium and thorium series were generally found to be in secular 
eauilibrium. The activities of uranium and thorium in coal 
correspond to 1.0 ppm and 1.9 ppm respectively, which are 
comparable to values reported by Beck et al. [14b for U.S. 
coals. There appeared to be no fractionation in the uranium 
or thorium series between fly ash and bottom ash. The 
concentrations of members of the uranium and thorium series in 
fly ash and bottom ash are 2 to 4 times as high as in local 
soils. Hence the possibility exists that environmental 
concentrations could be enhanced by the disposal of ash. 

Table II gives average emission rates and values of 
the highest predicted ground-level concentrations on an annual 
average basis. Also shown are averages of the observed con-
centrations at the position of the predicted highest values and 
at a "control" location upwind from the generating station. 
The predicted enhancements from plant emissions are less than 
1% of background values and are thus unlikely to be detectable. 
This is borne out by the fact that the measured concentrations 
show no dependence on location relative to the plant. 
Measurements of precipitation, soil and vegetation also showed 
no enhancement in radionuclide concentrations that could be 
attributed to emissions from the generating station. 

The highest predicted ground-level concentrations of 
radionucl ides were used to calculate the 50-year committed dose 
equivalents shown in Table III. It can be seen that lung and 
bone surface would receive the greatest radiation doses and 
that these are largely due to inhalation of airborne radio-
activity. The ingestion pathway is of lesser importance but 
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TABLE II. RADIONUCLIDE EMISSIONS AND CONCENTRATIONS IN AIR 

Nuclide 	Em:sion 	 Concentrations in ground-level air {iBq/m 3 ) 
Rate 

(Bq/s) 	Predicted 	Observed at 	Observed at 
Niaxirnuni (d) 	Maxiniuni location 	Cont. Locat. (e) 

	

10. 	(a) 	0.049 	 38±9 	 32±10 

U-gries to 
2ORa 	 4.4 (a) 	0.022 	 4.2±0.4 	 3.7±0.4 

222 

daughters 	1500. 	(b) 	7.4 	 - 	 - 

210 Pb- 210 Po 	13. 	(c) 	0.066 	 510±50 	 680±60 

lb-Series to 
224Ra 	 2.8 (a) 	0.014 	 - 	 - 

220 	+ Rn 	 920. 	(b) 	4.5 	 - 	 - 
dauçhters 

Based on concentration in fly ash and annual particulate emission of 1.529 a( 10 6  kg[l7]. 
b Based on concentration in feed coal and annual coal consumption of 3.8104 X lO kg [17]. 

As tn (a) except that an enrichment factor of 3.0 for 210Pb and 210p0  has been assumed 
in escaping ash [211. 

d Predicted maximum ground level concentration is expected to occur 10 km NE of station. 
Control location is 19 km WNW (upwind of station). 

would be the chief contributor to kidney and liver doses, 
arising mainly from 210Pb and 210p.  The "qroundshine" doses 
were generally insignificant compared to internal doses. The 
doses obtained here are somewhat lower than those calculated 
by other authors [3,151 for comparable generating stations. 
One factor contributing to this is the greater stack heights, 
and hence greater atmospheric dilution, at Nanticoke. 

The effective or whole-body committed dose equivalent of 
0.091 Sv can be compared with a value of 20 to 30 jSv/year 
estimated at the site boundary of the 2000-MWe Pickering Nuclear 
Generating Station near Toronto [16]. However, a complete 
comparison of the radiological effects of coal versus nuclear 
energy would entail an in-depth analysis of the entire fuel 
cycle of each energy form. Such an analysis is beyond the 
scope of this paper. 
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TABLE III. COMMITTED DOSE EQUIVALENTS AND CANCER RISKS TO 
VARIOUS ORGANS 

Organ 

Inhalation 

Conicitted 

Ingestion 

Dose [quivalents 	(jSa) 

Groundshine 	Total 
F1Sk5 

Lung 3.37 0.0002 0.0008 0.37 

Bone Surface 0.78 0.18 0.0010 0.96 4.8E-10 

Red Marrow 3.062 0.011 0.0009 0.074 1 .5E-1O 

Kidney 0.035 0.330 0.0037 0.037 - 

Liver 0.308 0.037 0.3008 0.046 - 

81 	tract 0.0 0.0006 010009 0.0315 - 

Gonad 0.3 0.0004 0.0007 0.0011 - 

Effective dose equiva1ent 0.091 

Total Cancer rlsk 1.4E-9 

a Based on ICRP Publication 26, Pergamon, Oxford (1977). 
b Contribution from radon and daughters is 3%. 

The low risks associated with radionuclide emissions 
from the Nanticoke station can be compared with the effects of 
other pollutants released in the combustion of coal. For 
example, from plant emission data 1171 the predicted maximum 
ground-level concentration of 502 is 24 ig/m 3 . If we assume 
that 1.5% of this is converted to sulphate, and that a sulphate 
concentration of 1 .ig/m 3  produces 3.7 deaths per 105  persons 
per year [181, then we obtain a risk of 1.4 x 10 -5  per year, 
which is 4 orders of magnitude higher than the risks from all 
radionuclides combined. 

Finally, we have examined the question of possible 
radiation effects from the disposal of waste ash. Lagoon 
water samples which had been in contact with the ash for 
several months showed uranium concentrations of 1.4 to 2.0 
pg/ltr. This indicates a slight leachability for this element 
from fly ash. By comparison, the maximum acceptable concentration 
of uranium in Canadian drinking water supplies is 20 iig/ltr [191. 
The concentrations of 226Ra and 210Pb were less than the detection 
limit of 0.01 Bq/ltr. 222Rn was marginally detectable with a 
concentration of 0.10±0.04 Bq/ltr, which confirms the conclusion 
of others [15] that the emanation of radon from fly ash is 
extremely low. 
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Measurements carried out in the laboratory on fly 
ash suspensions maintained in a slightly acid solution (pI-h5) 
for a priod of one week indicated solubilities of less than 
2 x lO 	and 1 x 10 	for 226Ra and total uranium respectively. 
These results must be regarded as preliminary, but they do 
indicate that leaching of radionucl ides from coal ash is not 
likely to be a serious health or environmental problem. 

One aspect of ash disposal which should be inves-
tigated further is the use of fly ash in concrete for buildings. 
A recent OECD study [20 indicates that if natural radionucl ides 
in building materials are increased by a factor of two above 
normal levels, then the effective dose equivalent could be 
increased by 300 to 400 Sv per year. This would be a 
significant enhancement in background radiation and could have 
undesirable consequences for human health. 

4. CONCLUSIONS 

Atmospheric emissions of radionucl ides from the 
Nanticoke Thermal Generating Station are insignificant compared 
to background levels and to routine emissions from a nuclear 
generating station of similar capacity. Of far greater importance 
are the chemical toxicants emitted in the combustion of coal 
Leaching of radionucl ides from waste ash does not appear to be 
a serious problem, but the use of ash in concrete building materials 
could lead to enhanced radiation exposure. More research is 
needed on the total fuel cycles of coal and nuclear energy. 
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DISCUSSION 

Z. JAWOROWSKI (Chairman): I should like to comment on your remark 
concerning building materials. One need not necessarily expect to find an increase 
in radioactivity when fly-ash is used in such materials. We in Poland use it on a 
greater scale than any other country; during a ten-year study, the highest radio-
activity was found not in contemporary bricks or other materials containing fly-
ash but in bricks dating back to the 12th Century, 

J. SINNAEVE: Large discrepancies appear between the data reported by 
you, Dr. Tracy, and those reported by Dr. Styron (SM-254!30), particularly as 
regards comparisons hetween radionuclide concentrations in ashes and soil 
respectively. I should like to suggest that data on the physico-chemical properties 
and geomorphological characteristics of the soils in these site-specific studies be 
included in these papers. 

R.M. BARKHUDAROV: I was impressed by the depth and thoroughness 
of your study, Dr. Tracy. I have two questions. Firstly, did you determine the 
dispersion of the fly-ash and did you study the enrichment coefficients for small 
ash particles? Secondly, how did you obtain the coefficients for radionuclide 
migration from soil to food? 

B.L. TRACY: Thank you. The answer to your first question is that all our 
predicted ground-level concentrations were based on dispersion calculations for 
fly-ash particulates. We did not study the enrichment coefficients for small ash 
particles ourselves, but used values taken from the literature. We assumed an 
enrichment factor of 3.0 for "'Pb and 210Po and 1.0 for all the other radionuclides. 

As to your second query, the enrichment coefficients for radium and uranium 
were taken from our studies of produce grown in contaminated soil at Port Hope, 
Ontario. Other values were taken from USNRC Regulatory Guide 1.109. 
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Abtract—Résum 

RADIOLOGICAL IMPACT OF ATMOSPHERIC RELEASES FROM A COAL-FIRED POWER 
STATION. 

As the first stage of a study carried out under contract with the Commission of the 
European Communities for the comparative assessment of the risks to which the individuals 
of a regional population are exposed, the paper seeks to evaluate atmospheric releases from 
a coal-fired thermal power station. The station is of traditional design with an installed capacity 
of 415 MW(e) and uses only lignite-type coal produced from a coal basin situated nearby. 
Gaseous effluents are released from four stacks. The area close to the station is rural in nature; 
there are a number of small farms, fairly abundant natural vegetation and some fairly well. 
populated zones with various industries. The main feature of the weather conditions is the 
strong prevailing winds in the optimum direction. A radiation measurement campaign involving 
the main 235U and 212Th daughter products was carried out focussing on; (1) the coal burnt 
in the power station; (2) the solid residues resulting from combustion (fly ash, wet ash); 
(3) gaseous effluents by means of direct sampling from the two release stacks. The 
information obtained on the releases has made it possible, with the help of dispersion 
and transfer models, to evaluate the atmospheric concentration of the different 
radionuclides released as well as their deposition and presence in the biotope in the plant 
vicinity. The effective dose equivalents received by persons living in the zone of maximum 
exposure and consuming food produced in that zone were assessed at approximately 
7 X lO Sv.a' at the end of the plant's operating period. Finally, the main radionuclides 
were measured at a number of points near the plant with the aim of verifying the model 
evaluations for a particular situation. 

IMPACT RADIOLOGIQUE DES REJETS ATMOSPHERIQUES D'UNE CENTRALE AU 
CHARBON. 

Dans Ic cadre d'une étude menée sous contrat avec la Commission des Communautés 
européennes et relative a l'évaluation comparative des risques auxquels sont soumis les 
individus d'une population régionale, une premiere étape a porte sur l'évaluation des consequences 
des rejets atmosphériques d'une centrale thermique fonctionnant au charbon. Ii s'agit dune 

* Associalion CEA-EURATOM. 
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centrale de conception classiquc, d'une puissance installer de 415 MWe  (utilisant exclusive-
inent du rharbon de type lignite produit par un bassin minier situé I proximté. Lee effluents 
gazeux sont rejetés par quatre cheminIes. L'environnament proche de Ia centrale eat de nature 
ruraic; on y trouve quelques petites exploitations agriroics, une végétation naturelle assez 
abondante ci quelqucs zones d'assez fort peupiement avec presence de diverses industries. La 
mCtCorologie eat caractérisCr par une predominance de vents forts de direction privi]égiée. 
Unc campagne de mesures radioaetives prenant en compte les pririripaux descendants le 
)'uramum 238 et du thorium 232 a été réalisée en ce qui concerne: 1) Ic charbon brdlC dans is 
centrale, 2) lea résidus solides de Ia combustion (cendresvolantes, cendres humides), 3) les 
effluents gazeux par prClCvement direct dans deux des cheminCes de rejet. La connaissance des 
rejets a permis, a i'aide de modéles de dispersion ci de transfert, d'Cvaiuer Ia concentration 
atmosphérique des différents radionuclCides rejetés, icur depOt et leur presence au niveau du 
hiutope dans l'environneinent de La centrale. Les equivalents de dose effectifs recus par lea 
personnes résidant dana Ia zone d'exposition maximale Ct consommant des produits alimentaires 
issus de cette zone, ont Pu ainsi Cire évaluCs a environ 7 10 	Sv •a 1  I Ia fin de La pCriode de 
fonctionnement de La centrale. Enfin, les mesures portant sur les principaux radionuclCides ont 
Cté effectuées en un certain nombre de points de l'environnement be Ia centrale. Ces mesures 
avaient pour objet de verifier, pour une situation particuliCre. lea evaluations faites a partir des 
mc dè Ic a 

INTRODUCTION 

Le charbon, comene tous les tnatdriaux presents dana la nature, 
contient a 1 1 6tat de traces des radionucleides naturels d'origine 
terrestre. Par consequent, la combustion du charbon conduit au 
rejet dana l'environnement de produits radioactifs et contribue 

l'exposition humaine aux rayonnemerits ionisants. 

L'Cvaluation de l'impact des rejets radioactifs des centrales 
an charbon a 	evoquce pour Ia premibre Lois en 1964 et a depisis 
fait l'objet de nonibreuses dtudes pour la plupart mCthodologiques 
(voir par exemple les rëfdrences de I a 4). Le travail presente 
ici a un caractère plus concret puisqu'il dtudie lea consequences 
des rejets d'une centrale rdelle, implantde dana le Sud-Est de la 
France, et s'appuie autant que possible sur des mesures effectudes 
sur le matCriau combustible, a lintdrieur de la centrale et dans 
son environnement. 

Le dOcoupage de l'dtude est classique ; la description de la 
centrale et de son environneinent prCcède l t estimation des rejets 
atmosphdriques d'effluents radioactifs et de leurs consequences, 
dvaludes pour un groupe critique hypothdtique et exprimdes en 
dquivalents de dose effectifs. 

Ce document prOsente les premiers r€sultats de travaux, qui 
dans le cadre d'une Otude plus large mende sous con-

trat avec la Commission des Communautes Europdennes et relative 
l'évaluation comparative des risques auxquels sont soumis leg in-
dividus d'une population rCgionale. 
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2. 	DESCRIPTION DE LA CENTRALE 

La centrale thermique est construite sur le territoire de la 
commune de Cardanne a proximitd immediate du bassin d'oi est 
issue toute la production de charbon ndcessaire a son alimenta-
tion. 

La figure 1 schématise de façon trés simplifide le fonctionne-
ment de Ia centrale. La puissance totale Cleetrique est de 415 MW 
répartie en 4 tranches : 3 groupes de 55 MW et un groupe plus 
recent de 250 MW. 

Les effluents atmosphCriques sont rejetds par 4 cheminCes (trois 
de 65 m pour les groupes de 55 MW et une de 142 m pour celui do 
250 MW). Le dCpoussiérage des gaz est assure par un filtrage Clec-
trostatique. Les cendres recueillies sont stockCes dans plusieurs 
silos dune capacité totale do 46 000 tonnes. Ces cendres sont 
utilisCcs par los cimenteries qui en apprécient les propriCtCs 
hydrauliques quo lout confbre leur teneur en chaux. Les cendres 
non utilisCes sont stockdes dans des terrils aux alentours de 
1'us me. 

La consomation de charbon est do ltordre  de 800 tonnes par jour 
pour ehacun des groupes do 55 MW et de 3 400 tonnes par jour 
pour celui de 250 MW. Ceci conduith une consommation moyenne 
annuelle totale drenviron  1,3 Mta 1  do charbon pour une produc-
tion éleetrique d'environ 2-10 9  kWh. Toutes eec observations sont 
regroupdes dans le tableau I. 
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JolT 

FiG. 2. Coupe de is mine. 

Le charbon brQld a la centrale est du type lignite a pouvoir 
calorifique relativement bas et a forte teneur en cendres. La 
figure 2 présente une coupe de la mine au lieu dit l'Etoile ; on 
y distingue 8 couches de caractéristiques différentes. L'ensemble 
du mineral est envoyé vers les broyeurs puis Ia laverie. La gangue 
est séparde par densité de La fraction combustible, elle-mme 
classée en deux qualités. La premiere qualitd est vendue a l'exté-
rieur des houillères, la deuxieme bien inférieure constitue le 
combustible de Ia centrale proprement dit. On y trouve de 25 
33 % de cendres et de 1,5 a 3,5 	de soufre. 
Nous considererons deux types principaux de cendres 
- les cendres humides qul correspondent a la fraction incornbus-

tible la plus grossière récupdrde au bas de La chaudibre sous 
la grille réceptionnant le mineral a brQler 

- les cendres volantes qui constituent la fraction incombustible 
la plus fine et qui sont entrafndes par les gaz de combustion 
a une temperature de 520 a 570 ° C selon les foyers. La plus 
grande partie de ces cendres volantes sera retenue par les 
dépoussidreurs. Le rejet atmosphdrique sera alors constitud 
par les cendres volantes non retenues par Les filtres. 
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FIG.3. Site de Gardanne. 

3. 	DESCRIPTION DE L'ENVIRONNEMENT DE LA CENTRALE 

Gardanne est situd dans la partie Ouest des Bouches-du-Rh6ne a 
environ 20 km au Nord de Marseilie, dans la plaine de 1'Arc ; is 
relief eat vallonnd et limité au Nord-Ouest par Ia montagne Sainte 
Victoire et au Sud par le inassif de l'Etoile (figure3). 
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Le climat de la region est de type mdditerranclen. La tempera-
ture moyenne aunuelle est élevde (15 ° C), la temperature maximale 
dclpasse 25 ° C quatre vingt dix jours par an et le nombre de jours 
de gelCes est faible (25 jours par an en moyenne). 

Les prCcipitations sont de l'ordre de 620 mma '  clans la plaine 
de l'Arc et de 750 mma' sur les reliefs avoisinants ; la hauteur 
d'eau moyenne ddcroIt A 500 mm vers l'cltang de Berre. 

Les observations provenant d'une station métclorologique proche 
indiquent une frclquence dlevcle de vents calmes (13,7 % de vents 
infCrieurs & I m.s1)  et des vents dominants du Nord-Ouest et 
secondairement du Sud-Est. II est possible que clans la plaine de 
l'Arc l'effet do vallée soit perceptible (orientation Ouest-Est). 

Lea alentours clu site de Gardanne sont tres peuplds mais de 
façon peu homogène en raison de Ia presence de zones urbanisCes 
forte concentration (Narseille : 2 millions dhabitants) coexis-

tant avec des communes rurales peu peuplées. L'environnement proche 
refléte ces disparités. Si on excepte Aix-en-Provence et 4arseille, 
les cormnunes les plus peuplées sont : Gardanne (14 120 habitants), 
Allauch (ii 149 habitants) et Septemes (10 827 habitants). 

Gardanne se situe au Sud-Est de la region des côteaux de Provence. 
Du point de vue agricole, cette region est caractérisée par une 
polyculture ol la vigne occupe une place importante, notamment sur 
lea côteaux. Les exploitations sont en général de taille rCduite, 
la plupart d'entre elles dtant inférieures a un hectare. Les 
cultures sous serres sont largement pratiquées et compte tenu de 
la relative sdcheresse estivale, l'irrigation est tra ddveloppde. 

Los productions animales concernent la production porcine, dont 
l'élevage tend a devenir semi-industriel, ovine et, près du litto-
ral, bovine avec production laitire. 

4. 	LES MESURES : RESULTATS ET DISCUSSION 

Los mesures ont porte sur la radioactivitC naturelle dtd chantil_ 

lons prélevés dans le combustible et lea cendres (rnatières de base) 
ainsi que dana l'environnement de la centrale (air, sol, eau, pro-
duits végétaux et produits animaux). Les dldments uiesures sont 
U-238, Ra-226,Th-232, Po-210, K-40. Dans certains cas, on a égale-
ment mesuré la radioactivitcl artificielle. 

Les poussières des cheinincles ont Cté collectdes sur filtre papier 
l'aide d'une sonde isocinétique. Le debit était faible (1 m.h') 

et la durde du prélvement très courte (2 minutes). 
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TAbLEAU II - CONCENTRATIONS EN RADIONUCLEIDES MESUREES DANS 

DU CHARBON DE DIFFERENTES COUCHES DE LA GALERIE ETOILE 

ET COMPARAISON AVEC QUELQUES DONNEES INTERNATIONALES 

(B q .kgH) 

K-40 	Ra226 	L-23 	Th-232 

Fortune 	(1) - - - - 

Malon 	(2) 1,5 15 11 < 4 

Charbon 	(3) 25 40 40 < 7 

Clovisseux 	(4) 20 40 40 3 

Mdlange 	(5) 15 30 20 < 7 

Charbon 	(6) 7 40 40 < 4 

Banc rocher 	(7) 11 20 20 4 

Mine du tot 	(8) 1,5 15 11 < 4 

Gamme do variation Etoile 1,5-25 15-40 11-40 3-7 

Valeur moyenne adoptêe 17 40 35 5 

Production internationale 40-540 0,5-120 15-250 8-160 

Moyene Etats-Unis 52 - lB 21 

Lee poussires atmosphdriques out dtd collectdes sur filtres 
les prdlvements ont durd une centaine d'heuree avec un ddbit de 
70 a 80 m3.h. Les filtres out dtd fondus avec leurs poussières 
et amends par pastillage a chaud a une dimension normalisde pour 
le porte-dchantillon de la chatne de mesure. 

Les échantillons de charbon ont dtd broyds, sdchds et amends 
eux aussi aux dimensions compatibles avec la chane spectromdtrique. 

La plupart des mesures out dtd effectudes par spectroindtrie y 
utilisant des ddtecteurs Ge-Li ; les mesures a (Po-210 essentiet -
lement) ont consistd en un comptage total par un ddtecteur a scm-
tillations. 

Notons que certains dchantillons ont d5 Etre reconditionnds 
pour pouvoir tre mesurds sur des chaInes diffdrentes. 

4.1. ANALYSE DES MATIERES DE BASE 

Charbon 

On a mesurd U-238, Ra-226, Th-232, K-40 dans les diffdrentes 
couches (figure 2) du front de taille. Les rdsultats sont donnds 
dans le tableau II. La distribution des concentrations est assez 
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TABLEAU 11 I 	- CONCENTRATIONS EN RADIONUCLEIDES 

MESUREES DANS LE CHARBON ET DIVERS TYPES DE CENDRES 

ET RAPPORTS DES CONCENTRATIONS CENDRES/CHARBON 

(Bq kg 1) 

K-40 	Ra-226 	0-238 	Th-232 	Po-210 

Cendres volantes 
Tranche 1 220 370 410 40 	270 

Tranche 4 - 520 433 - 	 - 

Cendres compactes 220 370 370 30 	230 

Cendres foyers 110 280 270 25 	- 

Charbon 17 40 35 5 	- 

Cendres volantes/Charbon 13 9,2 11,7 8 	- 

Cendrescompactes/Charbon 13 9,2 10,6 6 	- 

Cendres foyers/Charbon 6,5 7 7,7 5 	 - 

homogène dans 1'ensemble des couches a l t exceptiondes couches extrs 
dans lesquelles les concentrations en K-40 et 0-238 sorit nette-
ment plus faibles. Ii convient de remarquer que le charbon utilisd 
dans Ia centrale est essentiellement celui qui provient des cou-
ches 3 a 6. Les teneurs moyennes en produits radioactifs naturels 
adoptdes dans le tableau II sont les moyennes arithmdtiques des 
concentrations mesures dans ces 4 couches. On peut remarquer que 
les concentrations mesures sont faibles par rapport aux valeurs 
habituellement rencontrdes dans le monde. Les caractéristiques 
radioactives de ce charbon sont assez proches de celles de la 
moyenne de la production ainricaine. Le tableau II présente gale-
ment quelques valeurs limites de la concentration en radiortucli-
des de la production internationale de charbon. 

Cendres 

Le tableau III présente lea résultats d'analyses effectuées sur 
les divers types de cendres. Comme nous l'avons indiqué précédem-
ment, ii existe deux sortes de cendres : les cendres volantes et 
les cendres humides mais 11 existe aussi une variante des cendres 
volantes, celles que lton  retrouve dana les terrils oti elles sont 



204 	 AIGUEPERSE et al. 

TABLEAU IV - GRANULO4ETRIE DES AEROSOLS PRELEVES 

DANS LA CHEMINEE DE LA TRANCH.E I 

Dimensions 
Pourcentage 

(pm) 

<1 4 

1 - 2 9,5 

2 - 3 17,7 

3 - 5,5 19,6 

5,5 - 9,2 17,4 

> 9,2 31,6 

rejetes aprs abondante humidification au canon a eau, opration 
qui limite in remise en suspension par erosion Colienne en accrois-
sant Ia vitesse de sedimentation et en donnant une certaine cohe-
sion au milieu. Dans le tableau III ce type de cendres sera appelC 
cendres compactes. 

La teneur en cendres du charbon utilisd dans in centrale variant 
de 25 a 33 	on pourrait s'attendre A ce que les activitds massi- 
ques dans les cendres soient supdrieures aux activites massiques 
dans To charbon d'un facteur 3 a 4. Les resuitats prdsentes au 
tableau III montrent que les rapports entre ins concentrations 
des differents radionucidides dans ins cendres et dans le char-
bon sont sensibleinent plus dlevds puisqu'ils varient entre 5 et 
13. 

Cette difference peut s'expliquer par l'dchantillonnage, les 
cendres prdlevdes pouvant provenir dun lot de charbon a plus 
faible teneur en cendres. Pour ce qui est des cendres volantes, 
les rapports plus dlevds sont en partie dus a une granulométrie 
plus fine (tableau IV). 

Les activitCs rejetdes dans l'atmosphbre ont etC Cvaludes a 
partir des activitCs mesurCes dans les cendres volantes. En 
effet, connaissant Ia concentration C des poussières dans les 
gaz et les debits D de rejet, ii est aisé d'en dCduire l'acti-
vitd R rejetée par MWe produit. Celle-ci s'Ccrit 

R _A . C. U 
- - k 
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TABLEAU V - DEBITS DE REJETS ESTI1'fES EN kBq.(MW.a) '  

K-40 Ra-226 U-238 Th-232 

Tranche 	I 	 4.10 6,8.10 7,5.10 7,3.102 

Tranche 4 	 3,1.10 7,3.10 6.10 5,6.102 

Centrale 	 3,5.10 7,1.10 6,6.10 6,3.102 

oii R est exprimd  en kBq. (Mea) 1  

A en Bq.kg 1 , 
C en g -m 3  
D en 
P qul reprsente la puissance do la centrale, en MWe 

est un coefficient do conversion dunitf : 11 est dgal 
31,5 Ms•a 1 . 

Pour1e tranches I + 2 + 3, le taux de poussires est de 
0 9 46 g'rii ; le dbit de rejets gazeux et la puissance sont mdi-
qus au tableau I. On obtient 

= C x 0,46 	
75 

3600 x 165 x 31,5 = 180 C 

Pour la tranche 4, le taux de poussières est de 0,40 gm 3 . On 
obtient 

R4  = C x 0,40 X 3600 x 250 x 31,5 = 13,9 C 

A partir des valeurs adoptdes de C, on obtient les rejets estims 
prfsentds au tableau V. 

4.2. MESURES DANS L'ENVIRONNENENT 

Air 

Deux sites de prélêvements ont dtd choisis, conipte tenu de la 
rose des vents, a environ 1 km des points de rejets (figure 3) 
lee Sauvaires A LEst de la centrale et le Payannet a l'Ouest. On 
y a install6 des aspirateurs assurant un dbit do 70 a  80 m3 h 
avec collection de poussires cur filtre microsorban. 

On a mesurd les radionuclides naturels ainsi que les produits 
do fission (tableau VI). Ces derniers sont de l'ordre de grandeur 
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TABLEAU VI - CONCENTRATIONS ATMOSPHERIQLJES MESUREES AU 

PAYANNET ET AUX SAUVAIRES (mBq.m 3 ) 

Radionuci é ide 

Be- 7 

Zr-95 

Nb -95 

Ru-103 

Cs-i 37 

Ce-141 

Ce-144 

K-40 

U- 238 

Ra-2 26 

Th-232 

Le Payannet 

6,3 ± 0,7 

0,67 ± 0,18 

1,2 ± 0,2 

0,81 ± 0,07 

0,07 ± 0,04 

0,67 ± 0,07 

0,15 ± 0,04 

3,7 ± 1,1 

0,52 ± 0,18 

0,67 ± 0,18 

0,26 ± 0,15 

Les Sauvaires 

6,3 ± 0,7 

0,85 ± 0,11 

1,5 ± 0,1 

1,! ± 0,1 

0,04 ± 0,02 

1,5 ± 0,2 

0,04 

1,5 ± 0,5 

ND 

ND 

0,11 ± 0,07 

ND = non dtectë 

de ce que l'on trouve habituellement : par contre, les concentra-
tions en IJ-238, Ra-226, Th-232, K-40 sont une centaine de fois 
plus 6lev6e que les valeurs moyennes du bruit de fond ce qui in-
dique une influence certaine de la centrale. 

Eau 

Deux pluviomètres avaient 6tg installds dans l'enceinte de la 
centrale mais la trop faible pluviositd n'a pas permis de récupé-
rer suffisaminent d'eau pour la mesure. Par contre, les concentra-
tions en radionucidides d'un échantillon d'eau prélevd dans un 
canal d'irrigation proche de la centrale (canal de Proverice, pro-
jet Rigaud) ont Pu tre mesurdes. 

Lee rdsultats sont les suivants 

Ra-226 1,26.10 -2 
 ± 1,1.10 /

-3 
 Bq.1 -1 

	

Th-232 2,6 .10 	± 6,3.10" Bq.1 

	

U-238 4,8 .10 	 Bq.11 
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Sols 

Des prlëvements de sol out 6t6 effectus en deux points situds 
proximit6 des deux stations de pr61vements de poussires at-

mosphdriques. La rpartition do Vactivit6 en fonction do la pro-
fondeur eat prsente pour l'un d'entre eux dans le tableau ci-
dessous : il s'agit d'un sol de vignoble, non irrigud, situg a 
proximit d'un terril 

Profondeur (Cu) 	 Concentration (Bq.kg) 

Cs-137 Ra-226 Th-232 	U-238 

0 - 	5 	3,7 16 7,4 	37 
5 - 	10 	5,5 15 5,2 	37 
10 	- 	15 	2,6 7,8 3,3 	37 

Des prelavements do lgumes out dtd effectus dans le secteur 
Ouest du Payannet, pras de la zone oL ont dtd prëlevdes des pous-
sires atmosphriques. Bien qu'il existe de nombreuses fermes 
dans Ce secteur, le choix des dchantillons a td limitd en raison 
de Ia saison. Les rfsultats obtenus, exprims en Bq.kg 	frais, 
sont les suivants 

Element Be-] 	Zr-95 Cs-137 (-40 U-238 Ra-226 Th-232 

Salade 5,6 	0,43 	0,62 95,5 0,28 0,14 6 

Pomne de - 	 - 	 1,3 67 0,85 0,85 

terre 

Carotte 0,2 	- 	3,7100,96 2,2.1023,4.1022,7.102 

Bjoindicateurs 

Dc nombreux auteurs ont recommandd les aiguilles de pin comme 
des indicateurs biologiques de la radioactivit6 de Pair a cause 
de leur facteur de concentration élevd et de la proportion exis-
tant entre l'activitd par gramme de cendres et Vactivitg dêposde. 
L'dtude de La cindrique de fixation des aiguilles de pin (6met -
teurs 	et a) a montré qu'elle dtait lente, autrement dit qu'elles 
ne sent pas utilisables dans le cas de rejets accidentels mais 
conviennent très bien pour lea faibles variations d'activitds en 
fonctionnement normal. 
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Dans cette mme station, des feuilies de chnes verts ont ët 
recueillies 	cause d'un dpôt b1anchtre particulièrement abon- 
dant. Ces ddpts sont en relation avec l'absorption au niveau des 
aiguilles do pin. 

Les analyses de ces échantillons ont fourni les rdsultats sui-
vants 

Cs-137 Ra-226 Th-232 U-238 

Aiguilles de pin (Bqkg 	frais) 	0,02 	0,02 	0,09 	- 

Feuilles de chnes (Bqkg 	sec) 	- 	- 	- 	6,3 

Crottos de lapin (Bq.kg 	sec) 

Payannet 	 11 

Témoin 	 < 0,11 

5. 	EVALUATION DES CONSEQUENCES DES REJETS ATMOSPHERIQUES 

Les consquences des reets atmosp1iEriques ant 6t6 6valu6es pour 
les individus du groupe critique. Les radionuclides considérds 
sont ceux des families de l'uranium 238 et du thorium 232, dans 
lesquelles tous les descendants soot supposes tre en équilibro 
avec leur prCcurseur a i'exception de radon 222 et de radon 220. 
Los rejets de radon 222 sont estimés 4 3 kBq.s 	sur la base de 
Ia teneur du charbon en radium 226 et de la quantitd do charbon 
brflld. Los rejets de radon 220 ont étd négligds. Los estimations 
des consequences des rejets tiennent compte de trois voies do 
transfert 

• i'inhalation, 
• l'ingestion de legumes feuiiles et de legumes racines, 
• I'irradiation externe. 

Elles sont effectudes lors de la dernière année de l'exploita-
tion de la centrale (durde de fonctionnement adoptCc : 30 ans) 
afin d'obtenir les expositions maximales, et sont exprimees en 
equivalents de dose effectifs annuels dans le but de permettre 
une comparaison aisde de l'importance relative des divers radio-
nucléides at des voles de transfert. 

Do plus, étant donnd quo certains des radionuclëides considCrCs 
ont des periodes trës longues et s'accurnulent dans le sal, ii a 
paru intdressant d'évaluer dgalement lee equivalents de dose ef-
fectifs reçus annuellement par lee individus du groupe critique 
après arret de la centrale. 
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5.1. INHALATION PENDANT LA PEPJODE DE FONCTIONNEMENT 

Le rnodle de dispersion atmosphrique de DO1.JRY [51 a 6t6 appli-
qud aux rejets estims pour calculer le champ des moyelrnes annuel-
les des concentrations atmosphdriques autour de la centrale. La 
zone de concentration maximale est ainsi trouvde a environ 300 m 

au Sud-Est du point de rejet. 

Afin de d&erminer les conditions dt utili sa tion  du modële de 
dispersion, celui-ci avait auparavant dtd appliqud 	l'valuaticn 
des concentrations atmosphdriques au Payannet at aux Sauvaires 
Lors de la campagne de mesures. La comparaison entre lee concen-
trations mesures at les concentrations calculdes a niontrd qu'il 
6tait inutile de tenir compte d'une sur5l6vation du panache au 
point de rejet et que les conditions de diffusion correspondant 
a une atmosphere instable dtaient plus approprides qua celles 
correspondant a une atmosphere stable. Ndarimoins, le rapport entre 
las concentrations calculees et les concentrations mesurdes est 
au rnieux dgal a 3, les concentrations calculdes dtant systémati-
queinent infdrieures aux concentrations mesurdes. Parmi les raisons 
pouvant expliquer cette divergence, on peut citer lee difficultés 
d'application d'un modble de dispersion atmosphdrique dans un site 

relief tournientd et la presence de sources de pollution voisines 
(usine de bauxite) qui pourraient contribuer aux concentrations 
inesurdes. 

Las moyennes annuelles des concentrations atmosphCriques caicuiCes 
dans la zone d'exposition rnaximale sont prdsentdes au tableau VII et 
comparées a des concentrations naturelles typiques [1].  Les con-
centrations calcuiCes sont nettement supCrieures aux concentrations 
naturelles pour las radionuciCides compris entre U-238 et Ra-226, 
nettement infdrieures pour Rn-222, Pb-210 et Po-210, et voisines 
pour lee autres radionucldides. 

Les equivalents de dose effectife reçus annuellernent par inha-
lation par les individus du groupa critique ont etC estimds a 
partir des donnCes de la CIPR [6] en supposant qua les concentra-
tions atmosphCriques dtaient identiques a l'intérieur et a l'ex-
tdrieur des habitations. Le tableau VIII inontre Les rCsultats 
obtenus. 

5.2. INGESTION PENDANT LA PERIODE DE FONCTIONNEMENT 

On a suppose que las individus du groupe critique se nourris-
salent de produits cultivCs localement. Seuls lee legumes feuilles 
(taux de consoinrnation 	140 kg.a 1 ) at les legumes racines (taux 
de consonimation : 110 kga'l) ont etC pris en consideration. 

L'activitd dCposCe au sol a etC CvaluCe en prenant une vitesse 
de dCpôt sec de 5-10 -3  m-s'. Le d6p6t humide a etC negligé. La 
fraction du debit de dCpôt retenue par les feuiltes des legumes 
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TABLEAU Vii- COPARAISON DES CONCENTRATIONS CALCIJLEES DANS 

LA ZONE D'EXPOSITION MAXIMALE ET DE CONCENTRATIONS 

NATtJRELLES TYPIQUES 

Concentrations atuiosphériques Concentrations dana les sois 

Radionuc1ide (1 1Bm
-3 

 ) 
-1 

(Bq.kg 	) 

Calcu16es 	Naturelles Calcu1es Naturelies 

K-40 21 	 40 0,20 370 

U-238 37 	 3 0,35 25 

Ra-226 37 	 3 0,35 25 

Rn-222 1300 	 4 000 000 - - 

Pb-210 37 	 500 0,35 30 

Po-210 37 	 100 0,35 30 

Th-232 3,7 	 3 0,035 25 

RA-228 3,7 	 3 0,035 25 

Th-228 3,7 	 3 0,035 25 

a dtd price 6gale 	0,25 ; on a admis de plus que la priode de 
retention sur lea feuilles êtait de 30 jours et que lea ldgumes 
feuilles dtaient rdcoltds six mois par an. 

En Ce qui concerne l'activité transmise aux legumes par vole 
racinaire, celle-ci a dtd dtablie en tenant compte d'un Cemps 
d! accumul ati on  dans les sols de 30 ens et en utilisant des fac -
teurs de transfert publis [7- 9]. 

Los dquivalents de dose effectifs correspondant a ininges tion  
de lCgumes sent presences au tableau VIII. 

5.3. IRRADIATION EXTERNE PENDANT LA PERTODE DE FONCTIONNEMENT 

Pour calculer l'irradiation externe ddlivree aux individus du 
groupe critique du felt de l'activitd conteflue dans le sol bra 
de la dernière aundes d'expboitation, on a suppose que l'acti-
vitd déposde restait en surface pendant un an puis dtait mêlangde 
de manière homogène sur une dpaisseur de 30 cm. Lea doses d'ir- 
radiation externe prdsentent ainsi deux composantes, qui sent cab-
cutées do manire indépendante [10].  Le tableau VIII presenCe lea 
résultats obtenus. 

Au sujet des concentrations dans Los sols a la fin de la 
période dtexploitation, ii faut noter quo celles-ci sont, pour 
tous lea radionucléides considdrds, trës inférieures aux concen-
trations naturelles typiques (tableau VII). 
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TABLEAuvm -ESTIMATION DES EQUIVALENTS DE DOSE EFFECTIFS 

RECUS PAR LE GROUPE CRITIQUE LORS DE LA 3OuieANNEE 

D'EXPLOITATION DE LA CENTRALE 

(Sv.a 1 ) 

- de Radionuclei inhalation 
Ingestion 

- Legumes-feuilles 
Ingestion 

- Legumes-racines 
Irradiation 

externe 

U-238 9,5.106 2,5.10 2,4.10 

Th-234 2,6.10 1 , 4 . 10_ 8  1 , 3 . 10_ 10  

U-234 1,1.10 2,8.10 2,7.10 9  

Th-230 2,1.10 5,7.10 5,6.1010 

Ra-226 6,3.10 1 , 5 . 10 6  9,7.108 53L0 

Rn-222 8,8.10 

Pb-210 1 , 0 . 10 6  6 , 5 . 10 6  3 , 6 . 10 6  

Bi-210 1,5.108 1,2.108 4,3.10 

Po-210 6,3.10 3 , 2 . 10 6  1 , 2 . 10 6  

Th-232 9,2.106 2,9.10 2,8.1010 

Ra-228 3,4.108 1,6.10 1,1.108 
8 	0.138 

Th-228 2 , 5 . 10 6  4,8.108 3,2.10 

Ra-224 2 , 3 . 10 8  4,2.108 2,8•109 

TOTAL 5,5.10 1,3.10 4,9.10-6 6,1.10 

5.4. RECAPITULATIOI'1 

Lexanien du tableau VIII montre qu'avec lea modèles utiliss, 
c'est l'inhalation qui est Ia vole de transfert prdponddrante 
pendant la priode de fonctionnement de La centrale et que les 
radionuclides les plus importants sont Th-230, U-234, IJ-238 et 
Th-232. La dose reçue par ingestion serait environ trois fois plus 
faible que celle reçue par inhalation tandis que i irradiation exter-
ne serait négligeable. L'dquivalent do dose effectif total délivr 
en une anriée serait d'environ 710 	Sv, ce qui est tres iufrieur 
aux limites recommandëes par la CIPR. 
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TA8LEAU IX ESTIMATION DES EQUIVALENTS DE DOSE EFFECTIFS 

RECUS PAR LE GROUPE CRITIQUE APRES L'ARRET DE LA CENTRALE 

(Sv.a 1 ) 

Radionuclei - de Inhalation 
Ingestion Ingestion irradiation 

L egumes-feuilles 
- 

Legumes-racines externe 

0-238 
4,5109 4.3.1010 2,4.10 

Th-234 1,2.1012 2,4.10- 11 1,3.10-10 

U234 5,2.10 4,8.1010 2,7.10 

Th-230 9,9.10 3 , 4 . 10 10  5 , 6 . 10 10  

Ra-226 3,0.1010 2,6.10 9,7.108 4,2.10 

Rn-222 - - - 

Pb-210 4 , 7 . 10 10  3 . 10 6  3 , 6 . 10 6  

Bi-210 7,1. io 2  5,5,10 4,3.10-9  

Po-210 3,0. lO I ,5. 106 1,2.10-6  

Th-232 4,4.10 1 , 8 . 10 10  2 , 8 . 10 10  

Ra-228 1,6.10 	
11 2,8.108 11W 8  -8 6,4.10 

Th-228 
-9 

1,2.10 
9 

8,5.10 3,2.10 

Ra-224 1,1.1011 7,4. ID 9  2,8. IC 

TOTAL 2 , 6 . 10 8  4 , 8 . 10 6  4,9.106 4,8.10 

5.5. DOSES REUES APRES L'ARRET DE LA CERTRALE 

Etant donnd que certains des radionucidides considdrOs ant des 
pariodes radioactives trs longues, les individus du groupe cri-
tique continueront dttre  exposds longtemps aprs l'arrêt de la 
centrale en raison de l'accumulation do c.es radionucldides dans 
les sols et de leur lente 61imination. 

L 1 6valuation des 4quivalents de dose efectifs annuels corres-
pondants a ët0 faite en supposant 

- pour l'inhalation, que la teneur de Pair en poussiëres 
provenant du sol dtait do 50 1.ig.m 3  

- pour l'irradiation externe, quo la composante due au d6p6t 
en surface avait disparu. 

Les rdsultats sont présentds au tableau IX. us rnontrent une 
prddoniinance de l'ingestion sur l'irradiation externe et l'i.nha -
lation. L'quiva1ent do dose effectif total reçu en une année 
est évaluf a 10 	Sv environ. 
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6. 	CONCLUSION 

L! ana lyse  des rdsultats bruts obtenus au cours de cette premiere 
etude consacrCe aux rejets atmosphriques d'dldmonts radioactifs 
naturels par une centrale Clectrique de 415 Me fonctionnant au 
charbon montre que l'exposition maximale rsu1tanto pour les per-
sonnes du public se situe aux environs du pourcent des limites 
recorninanddes pour ces personnes par la Commission Internationale 
de Protection Radiologique : elle est donc du mme ordre de gran-
deur quo celle que l'on dvalue gnralement dans le cas d'une 
centrale 1ectro-nucl6aire de 900 l'fWe. 

En dehors des incertitudes qui s'attachent aux dvaluations 
prdsentdes et des hypothEses conservatives prises, cette compa-
raison n*est  en fait que trEs partielle. D'une part elle ne tient 
pas compte de l'exposition entranEe par les autres §tapes du 
cycle du combustible : extraction et traitement du minerai, prE-
paration du combustible, traitement des combustibles nucldaires 
irradiEs, stockage des dEchets. 

D'autre part, elle no concerne que les consEquences des rejets 
radioactifs alors que les rejets de polluants conventionnels sont 
susceptibles de crEer d'autres nuisances, notamment dans le cas 
do l'utilisation du charbon. Enfin, les rEsultats obtenus doivent 
tre interprEtEs en tenant compte de la nature différente des 

radionuclEides en cause. 

Connie celE a EtC indiquC, cette étude a constitud une premiEre 
approche d'un programme beaucoup plus large englobant d'autres 
activitEs industrielles qu'elles solent ou non gEnEratrices 
d'Energie. 

Elle a permis d-ecerner les difficultCs susceptibles d'etre ren-
contrEes, de mettre au point los techniques de mesures et de 
ddfinir une mCthodologie qui sera plus largement dEveloppde dans 
1' avenir. 
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DISCUSSION 

B.L. TRACY: The results you presented for emissions and ground-level 
concentrations are higher than values reported recently in North America, and I 
should like to know the reason for this difference. What is the collection 
efficiency of the electrostatic dust collectors? Also, did you use theoretical 
predictions or experimental measurements of field concentrations as input to 
your dose calculations? 

R. COULON: The difference to which you refer is very probably due to 
the fact that the power plant studied is relatively old and that the technology 
used in it is less sophisticated than that of more modern plants. The efficiency 
of the electrostatic dust precipitator was about 95%. 

With regard to your second question, public exposure was assessed not on 
the basis of concentrations measured in the environment but by means of con-
centrations calculated on the basis of the activities released, after applying 
dispersion and transfer models. 
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Abstract 

COMPARISON OF RADIATION EXPOSURE FROM COAL-FIRED AND NUCLEAR POWER 
PLANTS IN THE FEDERAL REPUBLIC OF GERMANY. 

Several studies have been published in recent years on radiation exposure of the public 
from coal-flied power plants in comparison with nuclear power plants. The results differ 
remarkably, mainly owing to the different assumptions about the discharge rate and the models 
and parameters necessary for such calculations. A comprehensive study of radioactive emissions 
from two typical modern coal-fired plants was performed in the Federal Republic of Germany 
in 1979/80. Measurements included the specific activities of all relevant radionuclides in coal 
and fly-ash. On the basis of these data the possible radiation exposure of the public by 
inhalation and ingestion was calculated and compared with the results for a modern PWR and 
BWR. The models and parameters of the regulatory guide for calculating radiation exposure by 
emission of radionuclides from nuclear power plants in the FRG were used, but emphasis was 
placed on applying realistic assumptions or parameters where justifiable. In particular, results 
with dose factors of ICRP 2 were compared with those of 1CRP 26. The results indicate for the 
point of maximum exposure an effective committed dose equivalent in the range of 
0.1--I mrema per GW(e)a electric energy generated, for the modern nuclear power plants 
under consideration as well as for the pit-coal-fired plant. In the case of coal-fired plants, the 
dose to the lungs and bone surfaces predominate whereas, for nuclear power plants, the main 
contributions are external 7-radiation from the cloud and the dose to the thyroid from 
radioiodine. It is concluded that the radiation exposure to the public from all these types of 
power plants is small compared with the Variation of normal natural radiation exposure and 
corresponds to less than 1% of the average natural radiation exposure. 

INTRODUCTION 

The operation of coal-fired and nuclear power plants results in radiation 
exposure of the public. For the former it is caused by natural radionuclidcs: 

215 
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for the latter by newly created nuclidcs. With both types of power plant, the first 
concern with regard to radiation exposure of the population in the vicinity is the 
operational discharge of airborne radioactive effluents. 

In the past decade, general interest has focussed on releases of artificial 
radioactive substances from the new nuclear power plants. The public is concerned 
about possible health effects of the artificial radionuclidcs. 

Following the growing awareness that all impacts on the environment and 
public health must be examined, comparison studies of radiation exposure of the 
public from coal-fired power plants and nuclear power plants have been undertaken 
and discussed in recent years. These studies were soon countered by the etlucal 
argument that one case cannot be justified by favourable comparison with another. 
This is even more true if the comparison is incomplete, e.g. with regard to other 
important environmental, occupational and public health effects. 

This paper is restricted to a comparison of radiation exposure of the neigh-
bouring population as the result of the operational discharge of airborne radioactive 
effluents from coal-fired and nuclear pover plants. The calculations were carried 
out for a chosen site with the same models and parameters, as far as possible, 
taking into account the characteristics of modern types of coal-fired and nuclear 
power plants now operating in the FRG. 

2. AIRBORNE RADIOACTIVE EFFLUENTS FROM COAL-FIRED 
POWER PLANTS 

2.1. Investigations in the Federal Republic of Germany 

The 1977 report of the United Nations Scientific Committee on the Effects 
of Atomic Radiation (UNSCEAR) [1 summarizes published data on the specific 
activity of natural radionuelides in coal and coal residues, including data from the  
FRG. It refers also to partitioning the elements in coal between bottom-ash, 
fly-ash and volatile vapours and their discharge into the atmosphere depending, 
for example, on tIme efficiency of the effluent-treatment Systems employed. 

Since then, a number of new investigations have been carried out. In the ERG. 
during the years 1978 1980. a measuring programme of natural radionuclides in 
coal and fly-ash from two modern coal-fired power plants, sponsored by the 
Federal Ministry of the lntcrior, was undertaken in co-operation with the TUV -
Rheinland, the Association for Radiation and Environmental Research. and the 
Federal Health Office, Ncuhcrherg. 

In particular, at the request of the Federal Ministry of the Interior, the German 
Radiation Protection Committee formed a working group to co-ordinate and 
evaluate the study. The working group particularly recommended that measure- 
ments of radionuclide composition and specific activity of coal and fly-ash discharged 
and particle size distribution should be carried out for this study. 
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TABLE I. AVERAGE SPECIFIC ACTIVITY OF PIT COAL, BROWN COAL 
AND FLY-ASH FROM COAL-FIRED PLANTS 

Average specific activity (nCi kg') 

Radionuclide 	 Pit-coal-fised plant 	 Brown-coal-fired plant 

Coal 	 Fly-ash 	Coal 	 .Fly-ash 

U-238 (U-234, Th-230) <1 	 8 0.4 	 3 

Ra-226 0.5 	 8 <0.3 	 2 

Pb-210 0.7 	 80 0.3 	 5 

Po-210 0.8 	 150 0.3 	 8 

Th-232 (Th-228) <0.5 	 3 <0.2 

Two modern coal-fired plants were selected, one using pit coal, the other 
brown coal: 

A 320MW(e) pit-coal-fired plant built in 1970); burning temperature 
1600 1800cC; two serial electrostatic filters; 970 000 rn 3  h 1  off-gas; residual 
dust load 60 mg m 3; stack 195 m; thermal lift to 300 m. 

A 600-MW(e) brown-coal-fired plant (built in 1974): burning temperature 
II O0 ° C. three serial electrostatic filters; 2 720 000 rn 3  h' off-gas; residual dust 
load 30 mg m 3 : stack 160 m: thermal lift to 200 m. 

Measurements of the specific activity of the radionuelides included coal samples, 
ash deposited in the serial electrostatic filters,and fly-ash samples prior to 
discharge. The details of these investigations and measurements are described in 

recent reports [2-5]. Table I gives the average specific activity of the natural 
radionuclides of the uranium and thorium series in coal and fly-ash measured for 
the power plants fired by pit coal and by brown coal. 

12. Discussion of the results 

In comparison with the specific activity of the individual radionuclides in the 

coal, an enrichment in the fly-ash is observed, depending on the nuelide considered 

and the temperature during burning. The specific activity of individual particles 
of the fly-ash increases with decreasing particle size. Therefore, in the serial 
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electrostatic filters the contribution of particles with higher specific activity 
increases up to the last filter stages. Finally, the specific activity of the fly-ash 
discharged through the stack will be about the same as that of the particles 
precipitated in the last filter stage. 

The principal indications of the measurements were: 

For the pit-coal-fired plant (burning temperature 1600— 1800 ° C): the 

specific activity of the discharged fly-ash has increased by a factor of about 10 for 
226 Ra, 232Th and 238U, by a factor of 100 for 210Pb and of 200 for 210Po, compared 

to the specific activity of the coal-fired plant. 

For the brow n-coal- fired plant (burning temperature 1100 ° C): the 
specific activity of the discharged fly-ash has increased by a factor of 3 to 5 for 

226 Ra. 232Th and 238U and by a factor of 10 for 210Pb and 210Po. 

It can be seen that the more volatile radionuclides 210Pb and 210Po show the 
greatest increase, whereas the main difference between the two types of plants 
is due to the different burning temperature. The investigations of the particle size 
distribution of the fly-ash indicated a nearly log-normal particle size distribution 
with an activity median aerodynamic diameter (AMAD) of 3 to 5 Am for uranium, 
thorium and radium particulates and of about 1 .tm for "'Pb and 210Po. From 
these measurements we have calculated the emission of the individual radionuclides 
into the atmosphere, normalized for a power generation of 1 GW(c) a for a plant 
of this performance. The data are summarized in Table II. The lower emissions 
from browncoal-fired plants should be noted. The emission of 222 Rn is calculated as 
ito 2 Ci per GW(e)a) 

3. AIRBORNE RADIOACTIVE EFFLUENTS FROM NUCLEAR 
POWER PLANTS 

3.1. Radionuclide composition and discharge rates 

Radionuclide composition and discharge rates of airborne effluents from 
nuclear power plants are measured as a matter of routine. The results have been 
published, e.g. in the annual report on Environmental Radioactivity and Radiation 
Exposure of the Federal Ministry of the Interior. All the data arc listed in detail in 
the emission register of the Federal Health Office. 

The primary composition of the radionuclides from nuclear power plants is, 
of course, that of the fission process. But activation products also arise, and the 
influence of the plant design and operation conditions has to be taken into account. 

I 	Ci = 3.7 X 10 t0Bq. 
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TABLE II. EMISSION OF INDIVIDUAL RADIONUCLIDES INTO THE 
ATMOSPHERE FROM A COAL-FIRED POWER PLANT WITH POWER 
GENERATION OF 1 GW(e)a 

Radionuclide 	
Pit-coal plant 	 Brown-coal plant 
(mCi per GW(e)a) 	 (mCi per GW(e)a) 

U-238 10 3 

U-234 10 3 

Th-230 10 2 

Ra-226 10 2 

Pb-210 100 5 

Po-210 200 10 

Th-232 5 1 

Th-228 5 1 

There are other factors, such as technical improvements or more stringent 
licensing conditions for newer plants, which lead to a great variety of observed or 
expected annual discharges of radioactive airborne effluents. 

The working group therefore recommended basing the comparison of coal-
fired plants with the nuclear power plants on a large modern pressurized-water 
reactor (PWR) and a boiling-water reactor (BWR) built during the last decade. 
it would then be possible to evaluate the operating experience of both plants for 
some years and thereby to develop average discharge rates and nuclide compositions 
for modern PWRs and BWRs now operating in the FRG. 

Some difficulties are inherent in such a procedure: the operating history in 
the first years of newly designed plants may be erratic; prolonged operation could 
give rise to different discharge rates or radionuclide composition. Therefore, only 
the newer power plants Biblis and Neckarwestheim were chosen for determining 
an average discharge rate and nuclide composition of airborne radioactive effluents 
from PWRs, and the Brunsbüttel and Isar plants were chosen for the BWRs. 
Finally, the annual emissions of these power plants were standardized to a power 
generation of I GW(e)a. 

A total of ten years of reactor operation were evaluated (Biblis Block A and 
Block B: 1976— 1979; Neckarwestheim: 1977— 1979; Brunsbüttel: 1977; 
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TABLE III. AVERAGE EMISSION RATE OF NOBLE GAS RADIONUCLIDES 
FROM NUCLEAR POWER PLANTS 

Nuclide 	
Average PWR 	 Average BWR 
(Ci per GW(e)a) 	 (Ci per GW(e)a) 

Ar-41 30 - 

Kr-85m 68 50 

Kr-85 - 50 

Kr-87 12 25 

Kr-SB 16 25 

Kr-89 20 175 

Xe-131m 2 50 

Xe-133m 58 4 

Xe-133 1100 4000 

Xe-135m 69 68 

Xe-135 120 350 

Xe-137 10 200 

Xe-138 4 125 

tsar: 1978 and 1979). Table Ill shows the average values for noble gases in the 
effluent air of each of the nuclear power plants. If annual emission rates were not 
reported for one or more of the noble gas nuclides for any of the operational years 
in question (e.g. as 85 Kr with all PWRs), the emission rates were calculated as 0. 
Because of the low limit of detection for the measurement of individual nuclides 
of the noble gases of approximately 10 Ci rn 3, and because of the low annual 
emission rates of radioactive gases during the evaluated years, this procedure seemed 
justified. In determining average emission rates for noble gases from nuclear 
power plants with BWRs, the emissions from the Brunsbflttel power plant for 1978 
were omitted since the plant discontinued operation in the middle of that year owing 
to a malfunction incident and remained out of operation for all of 1979 6j. 

The annual average emission rates of the remaining radioactive substances 
were determined for the radioactive aerosols, 1311  and 1331  si-i and 14 C, and the 
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same years were evaluated as those for the average emission rates for noble gases. 
The results are given in Table IV. 

4. CALCULATION OF RADIATION EXPOSURE 

4. 1. Methods and parameters for the calculation 

Calculation of radiation exposure of the population caused by airborne 
radioactive effluents starts with selection of the model for atmospheric dispersion, 
deposition and accumulation on the ground and transfer into food via ecological 
pathways. Then, the individual parameters applicable to the site, its surroundings 
and the population have to be determined. Today, recommended guidelines and 
standard parameters may be used for this purpose. 

In our study for the comparison of coal-fired and nuclear power plants, the 
site data from the Biblis PWRs were used and radiation exposure was calculated 
following our regulatory guide for a reference person assumed to stay the whole 
year at the place of maximum exposure outside the fence and obtaining all food 
from the same place. One important deviation, however, was that,for the coal-fired 
power plants,we considered that only 20 17c of the radionuclides incorporated in the 
glassy fly-ash particulates would be soluble and thus be available for exposure via 
ingestion [7]. 

For calculating the radiation exposure by inhalation and ingestion, the dose 
factors of our regulatory guide (which is based on ICRP No.2) as well as the new 
recommended dose factors for effective dose equivalent (which are based on ICRP 
No.26) have been used. For the coal-fired power plants we also estimated the 
exposure by a comparison with the natural level of those radionuclides in the 
environment and in human tissues. The decision on the more important parameters 
to be used was made after discussion in detail at the working group nleetings. 

4.2. Results of the calculation 

4.2.1. Nuclear power plant 

Source terms as given in Table III and IV: site data for a 100-rn stack at 
Biblis: atmospheric dispersion factor 3 X I Q7 s m 3  at 500 m and for 
y-submersion 1.3 X 10 	at lOOm. 

The calculation included the exposure pathways: submersion, ground 
deposition, inhalation and ingestion of vegetables, crops, meat and milk. The 
results arc summarized in Table V for whole-body exposure and the effective dose 
equivalent. The dose to individual organs of reference man may be up to ten times 
higher, e.g. for the thyroid due to emission of 1311. 
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TABLE IV. AVERAGE EMISSION RATE OF AEROSOL-BOUND 

RADIONUCLIDES ''I AND 	3H AND 14C 

Nuclide 
Average PWR 
(Ci per GW(e)a) 

Average BWR 
(Ci per GW(e)a) 

0-51 1.3 E-3 3.7 E-2 

Mn-54 1.3 E-4 5.5 E-3 

Co-57 3.3 E-6 

Co-58 2.4E-4 1.0E-2 

Co-60 2.6 E-3 5.5 E-3 

Fe-59 5.2 E-4 44 E-3 

Zn-65 1.3E-2 

Sr-89 1.3 E-6 5.3 E-5 

Sr-90 2.9E-7 2.5E-6 

Zr-95 2.6 E-5 2.6 E-4 

Nb-95 1.2E-4 6.8E-4 

Ru-103 1.9 E-5 17 E-6 

Ru-t(J6 1.7 E-4 - 

Ag-I lOm 2.9 E-5 8.4 E-4 

Sb-124 4.3 E-3 8.2 E-4 

Sb-125 3.8E-5 

Te-123m 5.4 E-4 - 

Cs-134 5.3E-5 - 

Cs-137 2.7 E-4 5.0 E-6 

Ba-140 1.2E-4 

La-I40 3.6E-5 - 

Ce-41 8.4 E-6 - 

Ce-144 I.3E-4 I.4E-5 

H-3 	 37 	 10 

1-131 	 0.015 	 0.013 

1-133 	 0.0012 	 - 

C-14 	 5 	 10 
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TABLE V. RADIATION EXPOSURE FROM A NUCLEAR POWER PLANT 
AT 13IBLIS WITH POWER GENERATION OF 1 GW(c) a 

PWR 	 BWR 
(mrem) 	 (mrem) 

Whole-body dose 	 0.1 	 0.4 
(ICRP No.2) 

Effectivt dose equivalent 	 0.1 	 0.4 
(ICRP No. 26) 

TABLE VI. RADIATION EXPOSURE FROM A PIT-COAL-FIRED POWER 
PLANT AT BIBLIS WITH POWER GENERATION OF 1 GW(e) a 

Whole-body dose (mrem) 
(ICRP No.2) 

Effective dose equivalent (mrem) 	 0.8 
(ICRP No.26) 

a At a distance of 100 m, deposition by washout results in a higher ingestion dose up to twice 
the value calculated for 2000 m. 

4.2.2. Pit-coal-fired power plant 

Source terms as given in Table II; site data for a 200-rn stack at Biblis including 
thermal lift: atmospheric dispersion factor 3 X 10 8  srn 3  at 2000 m. Based on 
the particle size distribution of the fly-ash (see Section 2.2), the deposition velocity 
of the aerosol-bound radionuclides is estimated as 0.015 ms for the uranium, 
thorium and radium particulates and as 0.006 mc' for 210Pb and 210Po [4]. 

The calculation included the exposure pathways: inhalation and ingestion. 
The results are summarized in Table VI for the whole-body dose and for the 
effective dose equivalent. The contribution of those exposure pathways here, of 
course, is different because of the different radionuclides, and the dose to 
individual organs of reference man may be up to ten times higher again, for example 
for the lung or for the bone owing to emission of thorium nuclides and 226Ra. 
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43. Comparison with ambient levels of natural radionuclides 

For the coal-fired power plants, it is possible to compare the calculated 
activity concentration in air, the deposited activity and the resulting specific 
activity of the soil of the natural radionuclides discharged with their normal values 
in the environment, and thus to base a statement on radiation exposure caused 
by the emission from the plant in comparison with natural radiation exposure from 
those nuclides. The average activity concentration of the radionuclides of the 
uranium and thorium series in air was taken from the UNSCEAR Report as about 
7 X 10 	Ci m: radon is given with 7 X 10" Ci - m 	210Pb and 210Po with 
14 X 10 	Ci'm 3  and 3 X 10 8 Ci-m 3 , respectively. 

The results indicate that the activity concentration in air at ground level at 
the point of maximum exposure is raised by about 10% for uranium nuclides, 
by about 3% for thorium nuclides. by about 0.2% for"'Pb and by about 2% for 

°Po, whereas for 222 Rn there is no change at all in the natural level. 
From these data, deposition on the ground by fallout may also be calculated 

and compared with the natural deposition rate. The results give only a rise of 
about 1-10% of the natural fallout rate at the area of maximum deposition for the 
uranium, thorium and radium nuclides and much less even for ""Pb and 210 Po 
because of their higher natural deposition rate. 

The estimation on the basis of a comparison with the normal natural level of 
these radionuciidcs in the environment leads to an effective dose equivalent per 
GW(e)' a of about 0.2 mrem for the pit-coal-fired plant and about 0.04 mrem for 
the plant fired with brown coal. This effective dose value is caused almost equally 
by inhalation, ingestion and external -y-radiation from the ground deposition. 

In the same way, calculation of the accumulation of raclionuclidcs in the soil 
during 30 to 40 years of plant operation indicates a rise of less than 0.170 of the 
normal natural radioactivity concentration in soil which, in general, will not he 
measurable [5. 

4.4. Discussion 

Calculation on the basis of our regulatory guide leads to the following results: 

(a) Pit-coal-fired power plant 

The ingestion of food after decades of operation proves to he the major 
exposure pathway for those natural radionuclides emitted. inhalation contributes 
only about 10% or less for whole-body dose and bone dose as well as effective 

dose equivalent. 
The main contribution to bone dose by ingestion is by the thorium nuclides 

and by 226Ra. However, for calculating effective dose equivalent. the nuclide "'Pb 
is now the main contributor. 
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TABLE VII. WHOLE-BODY DOSE AND EFFECTIVE DOSE EQUIVALENT 
FROM POWER PLANTS PER GW(e)a POWER GENERATiON 

Methods of calculation 	
Pit-coal plant 	PWR plant 	BWR plant 
(mrem) 	 (mrem) 	 (rnrem) 

Whole-body dose (ICRP No.2) 	07 1 	 0.1 	 0.4 

Effective dose equivalent 	 0.8 	 0.1 	 0.4 
(ICRP No.26) 

Comparison with natural 	 0.2 	 Not applicable 

radiation exposure 

a At a distance of 100 m, deposition by washout results in a higher ingestion dose up to twice 
the value calculated for 2000 m. 

The point of maximum exposure here is at a distance of 2000 rn. However, 
at the very short distance of 100 m, deposition by washout results in a higher 
ingestion dose up to twice as much as the value calculated for 2000 m. 

(b) Nuclear power plants 

The main exposure pathways are external radiation from noble gases by 
submersion in the cloud and thyroid exposure from 1311 via the milk food chain. 

For ingestion, ' 4C is the main contributor. 
Calculation of effective dose equivalent with the dose factors of ICRP No.26 

will not result in a significant change compared to the whole-body dose calcluated 
with dose factors from ICRP No.2. 

5. CONCLUSION 

Radiation exposure due to airborne radioactive effluents from coal-fired power 
plants is caused by a-radiation of high linear energy transfer, and, for nuclear power 
plants, by - and y-radiation of low linear energy transfer. Radiation exposure from 
modern power plants has been calculated on the conservative assumption that the 
reference person stays throughout the year at the point of maximum exposure 
outside the fence and obtains food exclusively from the same location. 

Considering these assumptions and the other uncertainties inherent in such 
calculations, it is nevertheless expected that the radiation exposure of the 
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population in the vicinity of power plants in the FRG is well within an order of 
magnitude the same for modern pit-coal-fired power plants and nuclear power 
plants and will lie within the range 0. 1— 1 mrem - a for power generation of 
I GW(e) a at a site. This estimate for coal-fired power plants is low in comparison 
with other publications, but it is based on measurements at a power plant with 
efficient electrostatic filters. The individual results are summarized in Table VU. 

The additional radiation exposure caused by the operation of coal-fired and 
nuclear power plants contributes less than 1% of the average natural radiation 
exposure in the FRG and is also small in comparison with the local variation of the 
natural radiation exposure. 

For a more complete comparison, of course, the emissions of non-radioactive 
substances from coal-fired power plants would have to be evaluated, and the high 
demands on the efficiency of the safety installations of nuclear power plants in 
case of accident would have to be considered, as must finally all the other separate 
aspects of the total fuel cycle. 
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DISCUSSION 

R.M. I3ARKHUDAROV: Comparing the effect on the population of coal-fired 
and nuclear power plants on the basis of data obtained at the point of maximum 
concentration, as was done in your paper, does not give an accurate picture since 
the dispersal of atmospheric releases from thermal and from nuclear power plants 
does not proceed in the same way even under the same meteorological conditions. 
The total effects of releases, i.e. the size of the territory and the possible number 
of people affected, should be taken into account and compared. 

J. SCHWIBACI-J: The same method of calculation should be used to compare 
radiation exposure due to airborne radioactive effluents. It is a matter of routine 
to calculate as a first stage the radiation exposure at the hottcst' point outside the 
fence. This gives the highest possible exposure to members of the public, in our 
case, this operation is performed over a distance of 100 m to 2 km. The doses 
calculated can then be compared, bearing in mind, of course, that the radiation 
exposure of population groups living further away will be lower. As our results 
indicate a radiation exposure in the range 0.1-1 mrem per GW(e)' a electric power 
generated for coal-fired and nuclear plants, this is really an adequate statement from 
the standpoint of public health. 

Our paper quotes five references which contain a description of the dose 
distribution in the vicinity of plants and the calculated collective doses to the 
population. As I pointed out in my oral presentation, the effective dose equivalent 
calculated is due to different radionuclides in each case. In the paper, we therefore 
also state the dose to the individual organs of a reference man and make our 
comparison on the basis of the effective dose equivalent at the point of maximum 
exposure for members of the public. 
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Abstraa 

CONTRIBUTION TO A COMPARATIVE ENVIRONMENTAL IMPACT ASSESSMENT OF 
THE USE OF COAL AND NUCLEAR ENERGY FOR ELECTRICITY GENERATION FOR 
SELECTED SITE CONDITIONS IN THE FRG. 

Comparative environmental impact assessments for different technologies and strategies 
of energy use must comprise technical, exposure and detriment assessments. For the case of 
electricity generation on the basis of coal and nuclear energy, a contribution to such an assess-
ment was made. For the technical assessment the emissions from a model hard-coal unit and 
from all relevant stages of a model nuclear fuel cycle (PWR) were compiled. Site-specific 
investigations for typical sites in the Federal Republic of Germany show marked differences. 
For assessing radiation exposure, a comparison of the fuel cycles on the basis of local and 
collective exposure values was performed. A risk-specific comparison can only be made on the 
basis of collective dose commitment calculations. Own estimates of the collective dose 
equivalents for siting and technical conditions in the FRG were made on the basis of results 
presented by the UN Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) in 
1977. The estimates show a reduction of the collective dose equivalent for the nuclear fuel 
cycle from about 4000 (gonads) to about 2000 (effective) person-rem/(GW(e).a): for the coal-
fired unit the estimates yield 400 (effective) as compared to 60 (gonads) person-rem/(GW(e) . a) 
in the UNSCEAR report. The new estimates show that the radiation exposure due to the 
emissions from coal-fired units is, at least on the local and regional scale, comparable to the 
non-occupational radiation exposure from all relevant stages of the nuclear fuel cycle at normal 
operation, each normalized per unit of generated energy. For a comprehensive risk estimate 
of the nuclear fuel cycle, accidental radiation exposure must also be considered. This was done 
on the basis of values from the German Risk Study. Normal operation and accidental risk 
were each aggregatedon the detriment levels,showing that the risk contributions from normal 
operation and from accidents are of the same magnitude. Finally, it is shown that the risk from 
radiation caused by coal combustion is about an order of magnitude smaller than the total risk 
of radiation exposure from nuclear power. 
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INTRODUCTION 

Comparative environmental impact assessments for different 
technologies and strategies of energy use are of increasing impor-
tance for energy policy decisions. Ideally, such environmental 
assessments should be part of comprehensive technology assess-
ments. A major problem of such policy-oriented assessments is the 
gap between the need for clear recommendations on the one side 
and the lack of sufficiently reliable scientific knowledge on 
the other. In the following, the different steps of analysis 
which comparative assessments should comprise will be discussed. 
It will be shown that technical, exposure and detriment assess-
ments must each be considered. For the case of electricity gen- 
eration on the basis of coal and nuclear energy,a contribution to 
such an assessment was made. Within the framework of the technical 
assessment, the emissions from a model hard-coal unit and from all 
relevant stages of the nuclear fuel cycle (PWR) were compiled. 
The exposure assessment had to be limited to radiation exposure, 
because only for this part are sufficient data and methodological 
tools available. Comparisons have already been presented on 
the basis of local dose commitment calculations. A risk-specific 
comparison, however, can be made only on the basis of collective 
dose commitment calculations. Such a comparison was presented by 
the United Nations Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR) in 1977 lii. This report was the basis for our 
own calculations, taking special account of German technical and 
site conditions. Moreover, the comparison was made on the basis of 
regulations for calculating radiation exposure 12, 31, with only 
minor modifications in order to reduce the strong conservative 
bias which characterizes these regulations. Nevertheless, the re-
sults presented here are still more on the conservative side. This 
also applies to the accidental risk values for nuclear power sta-
tions which were taken from the German Risk Study 41. Finally 
the effective dose commitment values 151 were used, because they 
are a better index for total risk evaluations than the organ-
specific doses. 

"IDEAL" STRUCTURE OF COMPARATIVE ENVIRONMENTAL IMPACT 
ASSES SMENTS 

Comparative environmental impact assessments for different 
technologies and strategies of energy use should ideally regard 
all impact areas, all stages of the fuel cycles and the sequence 
from emission to detriment. The impact areas should comprise public 
and occupational health effects, the natural environment and the 
local, regional and global climate. The explicit consideration of 
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the sequence "emission-dispersion-exposure-detriment" involves the 
following detailed steps of analysis: 

Analysis of the emissions (technical analysis); 

Analysis of the transfer of pollutants in the different 
media and of human exposure (exposure analysis); 

Analysis of the detriment to human health and the environment 
(detriment analysis). 

A special problem of the technical analysis is the develop-
ment of representative emission data sets which describe the 
average conditions of the use of an energy technology. For the 
exposure analysis it is necessary to investigate the local, re-
gional and to some extent also the global exposure levels. This 
requires, among others, the adaptation and use of models for 
long-range transport, conversion and transfer of pollutants be-
tween different environmental media (e.g. atmosphere to soil). 
Here again the problem arises of finding representative site con-
ditions allowing an estimation for larger geographical regions. 

One focus of the methodological work to be carried out within 
the framework of comparative environmental assessments is to 
develop approaches and concepts to systematically compare the 
impacts of different technical options. One possible approach is 
the aggregation of the different impacts on the detriment level. 
This procedure requires dose-effect relations for all relevant 
pollutants, also taking account of the problem of synergism. Until 
now such comprehensive quantifications are possible only for 
limited impacts, such as the impact from radiation exposure. As 
regards impacts such as those from acid rain on the natural environ-
ment and the health impacts from chemical pollutants, there may be 
hope for sufficient quantification in the near future, but for 
quite a number of impacts, e.g. those from climatic change, the 
prospects of developing the necessary methodological tools for 
quantification are at present rather dim. For these cases, qualita-
tive evaluations can be more useful than insufficient quantitative 
presentations. 

3. 	TECHNICAL ASSESSMENT FOR THE SELECTED FACILITIES 

Emission data sets per GWea for a bituminous coal-fired 
power plant and for the relevant facilities of the nuclear fuel 
cycle were compiled. Apart from the data for the nuclear power 
plant,this data set has only limited representative character. 
The calculated specific emissions of suiphurdioxide (SO2), nitro-
genoxides (NOx ), fly-ash, trace and radioactive elements from 
coal-fired power plants are in compliance with soon-to-be-enacted 
standards of the official German regulations (table I). As regards 
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TABLE I. SPECIFIC EMISSIONS FROM POWER PLANTS IN FRG 
BURNING BITUMINOUS COAL CONFORMING TO EXPECTED 
STANDARDS, RELATED TO PRIMARY ENERGY (GJ) AND TO 
ELECTRICAL ENERGY PRODUCED GW(e).a 

Pollutant 
c7ncentratios 

in 	f1y-sh 

(rrg/r) 

Specific 	misss 

p/SO 	10 	t/OWe-a 

Particulate 50 17.6 1. 

51phurdiande 	(SO 2 ) 650 028 10 

Nitrcrgerosides 	(hOo) 840 283 2: 

(U) 

Nrogenoaide 	(6UZ) 1300 465 36 

lydrscarbori4 3.3 

Carbcinniorioaide 5.9 0,46 

Pydrochiorine 12 0.04 

#ydrefuorine 2.6 000 

Carbondloxide 9.7 x 104  7600 

U 	dry ash riiiOea1. 

L 	1i9,nd ash removal. 

the NOx  emissions, it is necessary to differentiate between the 
combustion technologies with dry or liquid ash removal. Relevant 
trace element emissions, which are mostly connected with particu-
late emissions, were evaluated on the basis of measurements of 
bituminous coal 161 (table II). Special importance was given to 
the evaluation of the emission data for the radionuclides of the 
natural decay chains of uranium (U-238) and thorium (Th-232). A 
rough estimation can be made, assuming a content of 1 ppm U-238 
and 2 ppm Th-232 in the coal, an ash content of 10 %, a heating 
value of the coal of 30 MJ/kg, a precipitator efficiency of 99 1, 
and a secular equilibrium of the products of the decay chain. 
These assumptions, which are similar to those made by McBride Ills 
lead to emission rates which are in good accordance with those 
presented in UNSCEAR Ill, especially for the U-238 chain. Measure-
ments of the fly-ash activity 18, 91 show higher values, especial-
ly for the U-238 chain (table III). Marked differences can be seen 
for the different combustion technologies. There is good agreement 



EAEA-SM-254/16 	 233 

TABLE II. SELECTED TRACE-ELEMENT EMISSIONS BASED ON 

TRACE-ELEMENT CONCENTRATION OF FLY-ASH ACCORDING 
TO Refj6J 

Ira ceelement 
concentration 

Of fly-ash 

(gfg) 

Specific emission 

/GJ) 	(k3/(GWe.a)) 

Orserlic 	(As) 500 6.8 590 

Cadmium 	(Cd) 34 050 47 

Chromium (Cr) 650 II 830 

F10rine 	(F) 2200 39 3000 

!ercUry (e5 ) 5 15 1208 

Lead 	(Pb) 2304 40 3200 

Selenium 	(Se)' 120 15 1200 

IiraniuO 	(U) 30 0.53 41 

Zana3ium (4) 953 16 1250 

Zinc 	(Zn) 2830 49 3900 

4) 	
50 9 of I-lw and 20 5 of S4 in coal may be emitted as 94505. 

of the two data sets for liquid ash removal. A specific enrichment 
for the nuclides Pb-210 and Po-210 can be seen. On the basis of 
these data an emission data set for our own calculations was de-
rived (table IV). 

For the nuclear fuel cycle, own emission estimations for the 
nuclear power plant and the fuel reprocessing plant were made. 
Present operating experience and licensing claims for both facil-
ities were taken account of. The emission data set for a typical 
German PWR was developed from the actual emissions of three plants 
since 1972, each normalized on 1 GWea (table V). This data base 
will be updated each year and will thus provide a good basis for 
statistical evaluations. Theoretical calculations simulating typi-
cal emission-pathways 1101 were also made. First results show 
sufficient agreement between theoretical and empirical values For 
the fuel reprocessing and waste management plant 0 a global estima-
tion on the basis of release factors was made. The operating ex-
perience of the Karisruhe pilot plant 1111 and the nuclide reten-
ton planned for the commercial facility 1121 were also accounted 
for. The release factors chosen for the model plant are in good 
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TABLE III. RADIONUCLIDE CONCENTRATIONS IN FLY-ASH FROM COAL-FIRED 
POWER PLANT (BITUMINOUS COAL) IN Bq/g (pCo/g) 

!ILCLIIIEI 

9-234 

UHSCEA8, 	7977 

[11 
estimutloul) 

McBRIDE et a.l 
1977 	[7] 

)estiiiiutios( 	- 

CkIATTERJ[[ et ul 	, 
1980 	[8) 
(L) 

3.36 	 0.8) 

kOLE . 	I977* 	[9) 	Lqsseu 	ua1ia.s 	for' 
r2;sioi 	dita 	set 

(0) - 	 - 	)L) 	(0) 	 (U 

0.?? (5.8) 	0.30 	(0.9)F 22 	(s9) 	0.33 	(2.8) 11.19 	(9.0) 0.12 	(3.0) 

Tli-234 - 3.12 (0.3) - 	 - .13 	3.6) 0.20 	(5.3) 

0-234 - 0112 (3.3) 236 9.8) - 	 - 0.2? 	(2.8) 0.00 	(8.9) 

16-233 - 0.12 (0.3) - - 	 - 0.13 	(3.6) 0.20 	(0.3) 

8a-226 0.24 (1.0) 0.12 (3.3) 0.27 (7.3) 0.10 	4.8)0.24(76) 0.16 	4.8) 3.24 	)66( 

26-210 007 (10) 0,12 (3.3) 2.4 (65) 0.17 	(4.6) 	1.6 	(43) 0.17 	(4.6) 1.0 	(43) 

Pu-213 - 0.12 (3.3) 4.6 (125) - 	 - - 4.6 	(125) 

19-232 0.09 (1.0) 0.08 (2.2) 0.16 (4.0) - 3.39 	(2.8) 3.13 

Ra-228 0.04 (1.0) 0.08 (2.2) - 0.04 	(0.2) 	0.13 	(3.5) 0.11 	(7.5) 0.16 	(4.4) 

TR-228 0.24 (1.0) 0.08 (2.2) 0.15 (4.0) 0.09 	(2.3) 	0.10 	(3.5) 0.09 	(2,3) 11.17 	(3.5) 

- - - - 	 - 0.17 	17.91 0.16 	(9.4) 

IiiII 11111 
0 dry ash reeoiRl-

liquid ash re.eOval 

fly - ash (after recipitatiun). 

preciputatir 416 filediurerserit (last stage) 

TABLE [V. EMISSION DATA SETS FOR RADIONUCLIDE EMISSIONS FROM (BITUMINOUS) 
COAL-FIRED POWER PLANTS 

bill 5510fl data so 	for modellaet_ - 

dry ash remoual liquid 	ask 	ruiecual UNSCEAR, 	1977[ 1] 
Radioriuci ides 

lq/Gle.a 	I 	nd/Owed ky/G4i.4 	lqJGWe.0 	ndi/GWe.a kq/GWe.a 	q/GWe.4 	I 	rCi/GWe.d 

6-238 2 50 25 0.3 B 37 0.5 13 

16-204 - - 210 -10  
0.2 1 3 	. 	io 0.3 7 

0-234 - - i 	. 	10 0.3 8 2 	. 	io-  0.6 13 

Th-230 - - 3 	. 	iO 0,2 5 4 	. 	10" 0.3 7 

la-226 0.4 10 6 	. 	10' 2.2 4 9 	106 0.3 9 

Rn-222 40 1000 5 	10' 32 8113 6. 	10 32 870 

Pb-210 4 100 9- 	
33_8 

0.2 6 8. 	10 2 59 

P0-210 - - 2 	. 	10' s  13.3 g 4 - 	10 6 150 

16-232 0,4 10 31 2.1 3 44 0.2 5 

Fla-728 0.4 10 1 	- 	10 0.2 4 2 	. 	13 0.2 

16-228 0.4 10 4 	- 	10 011 3 5 	- 	10-0 0.2 5 

0.4 10 3 	. 	lO 0.2 4 4 	. 	lO 0.2 6 

Rn-220 - - 6- 	1013 21 580 6- 	10-13 21 580 

i±Liiii 



	

RELATIVE 	I 
DEVIATION I 1156 NRICLIEE 

( .5) 

	

lAOS 	09 1467 

	

1000 	1 	IS 8532 

I 	61.6 I 	0.9728 	I 
I 	58-8 I 	163961 	I 
I 	96.3 I 	0.1001 	I 
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50.2 0 	0194 

58.2 I 	0,0194 

97.6 I 	0.0189 	I 

60 7 
	

2. 140 6 
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1.1802 
49,1 
	

0.3911 

49.7 
	

0,0105 
40.0 
	

9,6925 

40.0 
	

16, 2800 
15033 
	

0,5526 

.50.0 
	

00280 

07. 	 0,9258 	I 
00.5 
	

0.0689 	I 
08.I 
	

1.0572 	I 
426 
	

0.0428 	I 
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2.7167 	I 
60 2 
	

16533 	I 
100,0 
	

0.9570 	I 
53.5 
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85.4 
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86.6 
	

0 0415 

0633 
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TABLE V. SPECIFIC EMISSIONS FROM THE MODEL 
NUCLEAR POWER PLANT (PWR) 

Al AGEcMJS EFFLIJSWTS 

N1JCLIDE 	 AVERAGE 

Cl/S We .8 

N3 	 1 	1.666912 	I 	4,490+01 
C-IS 	 I 	2020+11 	1 	S 670+00 

80860 GASES 

AR-Al 3.37E*10 9.110+01 
00-85 A.SRE+13 1750+03 
68-8591 	I 1800+13 4.050+02 

I 	(0-87 6.55E+10 I 	.770+00 

I 	1CR-NO 	I 8.]AE+12 2.260+02 

I 	011-09 	I 6.550*10 I 	.770+00 

I 	XE-131N 1.840+11 I 	4980.00 

I 	]CR-133 	I 2.220+14 I 	6.010*03 

I 	9111-13371 	I 1.300*13 I 	3.510+02 

I 	1(8-135 	I 5.IUE'13 I 	0,380+02 

00-13511 	I 613E+1O P 	1,820+00 
XE-I'll 	I 6 	730+10 P 	1620+00 
1(0-138 6.550+10 1.770+00 

P ART IC 1160 TO S I 

I 	CR1-SI 	 I 6400*07 1.730-03 

I 	108-54 3,535*07 I 	9.530-04 

I 	FE-'59 1.170907 I 	3160-04 

I 	110-57 	 I 4.575*05 1.240-05 

I 	CO-SR 	 I 2900+08 I 	783E-03 
CO-AR 	 I 4.87E+SR I 	1.320-02 
58-89 	 I 1.570+06 P 	4230-05 
S8-93 2,380*00 I 	97.448-06 

I 	88-95 2.770+07 1.480-04 

I 	00-95 	I 260E+07 1.020-04 
RU-103 3.070+07 0.300-04 

I 00-106 	I I22E006 3.300-05 

I 	AG - LiON 8. 120+07 I 	2.190-03 

I 	00-124 	I 4.950+07 I 	1340-03 

00-12)11 	I 2.850*07 I 	7.700-04 
117-134 	I 2.OSE+07 I 	5.6S0-04 

I 	CS-131 	I 6140*07 1660-53 

LA-140 	I 6,030*06 P 	1,050-04 

CE-lAl i,24E+06 3,360-05 

110-144 1,&6E+07 SAlE - OS 
1-131 1,75E+09 1 	472E-02 

RI LIQUID LFFLUE4TS 

11-3 
	

1 690*13  

I 	CR-Si I 	3800*09 

2
. 
 530*09 919-54 

I 	FE-59 I 	3 	220+07 
CO-SO I2,310+07 

I 	CO-OR 2.060+10 

I 	CO-AS P 	2.28E*10 

I 	Z9-65 1,410+07 

I 	50-89 3590*08 

I 	09-90 I 	1,7IE+08 

I 	00-95 2,200+00 

I 	60-95 2050*00 

I 	80-99 1.640*08 

I110-103 2650+00 
811-106 1.280+08 
80-11096 1.140+09 

SR-I24 I 	3.45E+09 

S8-125 I 	6.790*07 

TE-1038 I 
	

7.995+07 

1-131 5210*09 

I 	110-134 I 	2, 175*10 
I 	CS -i)) I 	3.430+10 

RA-140 I 	2.69E1O 

I 	LA-LAO I 	6.396*09 

I 	C0-141 I 	2,110+09 
I 	115-146 I 	9 420*08 

4 040*07 

1.030-331 
6050-02 

I 8700-04 
6.240-04 
7.100-AL 

I 	6. 1SE-OL 

I 	11.805-04 

9705-03 

I 	4.615-03 

I 	5.950- 03 
7.165-01 

I 	4.430-03 

7.11E-53 

I 	S.430-03 

I 	3.39E-02 

I 	9.32E-O0 

I 	l.03E-03 

I 2160-03 

I 1.4,0-Si 

57175-01 

9 ThE-SI 

7,280-CL 

1,730-01 

5,700-02 

2576-02 

I 	100, 0 I 	10+ 	0000 

I 	74,0 2. 7831 
I 	603 1671 

I 	52-1 

33
0202 I 	0- 

I 	52.9 I 	0.0145 

I 	51.4 14.6303 

I 	44.2 14. 20 86 

0,0088 
I 	45.9 1 	0.2240 

I 	70.7 I 	0.1070 

I 	479 I 	07579 

41.9 I 	0.1660 

I 	0.1020 

54.7 I 	0.1649 

I 	0.0800 
1 	48.5 I 	0.7163 

3633 I 	21617 

J 	74.9 0.0425 

100,0 I 	50501 

55.5 5.24.2 

3833 I 	136090 

I 	42 	0 I 	21.4747 

I 16,0710 

I 	91 	3 4,2057 

I 	14,2 13205 

I 	07,1 0 5906 
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TABLE VI. SPECIFIC EMISSIONS FROM THE MODEL 
NUCLEAR FUEL REPROCESSING PLANT 

EHTTRE 	 IN 
NUCLIDES 

g/tHM 

GASEOUS EFFLUENTS 
H-S 	 1.49E-02 
C-14 * 	7.13E-02 
1IN-54 3.19E-03 
FE-OS 	I 3.77E*00 

I CO-SD 	1.28E-I1 

I CC-HO 	I 1.35E*0I 

I HI-ES 	4.40E*Ol 
KR-HO 	I L7DE+O1 

I SE-HS 	I L)5E-14 

I SR-90 	I 5.16E*02 
0-01I 3.54K-12 

I ZP-95 	I 7.47K-Il 

I 1IR-95 	I ShE-Il 
TC-99 	I 9.54E+02 

I RD-LOS 	I iSLE-ID 

I RU-bE 	I 1.34E+00 

I AG-LIDS  I 5.39E-04 

I SB-125 I l.ESE*OU 

TE-125M  I 2.33K-02 
TI-127M 	1.25E-07 

I TE-127 	I 4.39E-I0 

I 1-125 	I 7.SIE+02 

I CD-134 	I i.23E+O1 

I CS-I]? 	I l.14E1O3 

I CR-!41 	I l25E-22 

I CE-144 	I 780E-01 

I P4-238 	I 1,49E+02 

I P0-2.59 	I 5.53E+03 

I P0-240 	I 2.SSE*03 

I 101-241 	I 9C6E+02 
NP-239 	I H.42E-05 

I 45-241 	I 3.94E*02 

I H31-EI2 	I 5.09E-O6 

I CM-242 	I 1.29K-OS 

I CM-243 	I 2.07F-01 

I CIi-244 	I 1.?4E+01 
I LIQUID EF0LUENT5 

H-S 

I SE-891SR-90 

I RU-ICE 

I CS-134/CS-133 

I P!J-238/PU-239 

'ENTONV 	RELEASE 
FACTOR 

Cut till 

I 1.445*02  I 2.50E-01 

	

I 3.195-01 	1.ODE*OC 

I 2.475+01  I LODE-OH 

	

I 9.43E*O3 	lODE-OH 

	

I 4.07E-01 	lODE-OH 

I LS3E*O4 I LODE-OH 

	

2.LDE*O3 	1.00K-08 

	

I 6.EHE*03 	5.ODE-02 

	

5.10R-I0 	1.000-08 

	

7.04E+04 	1.00K-OH 

	

0.19E-00 	L.00E-OH 

	

i.61E-06 	1.00K-OH 

	

3.57E-O& 	LOSE-OH 
1.455*01 r 1.00K-OH 

	

4.230-14 	1.40E-07 

	

I 4.47E*03 	1.00K-07 

	

I 2.565*00 	1.00R-08 

	

7 LE*03 	1 . OCR-OH 

	

I 4.19E*02 	1.0CC-OH 

	

I 1.18K-03 	1.005-OH 

I 1.165-03  I 1.00K-OH 
I 3 375-02 I I . 005-02 

	

I 1.590+04 	LOSE-OH 

I 

	

9.53E+04 	1OOE-00 

I 3.58E-I8 I 1.005-00 

I 2.49E+03 LOSE-OH 

I 2.55E+03  I lOSE-OH 

I 2.13E+02 LODE-OH 

I 5.43E*02  I  lODE-OH 
I 9.33E+04 I LODE-OH 

1.95E*0I I  LODE-OH 

I 1-35E03 I lODE-OH 

	

4.12E+00 	LODE-OH 

	

I 4.20E+00 	LODE-OH 

I 

	

1.48E*01 	1.00K-OH 

	

I l.41E*03 	LODE-OH 

571 lOS IONS 

Ci/GWe.a I 1q/GWe.H 

1.11E+03 I 4,00E+13 
9.82E*00 I 3 63E*1I 
iSlE-HE I 2.8IE+05 
2.90E-03 I LC7E*O5 
1.25E-13 4.63E-03 
4LIIE-03 I 1.74E*06 
6.46E-04 I 2.19E+07 
1.03E+04 3.505+14 
1.57E-1E I 5.8IE-06 

2.17E-028.OIL+08 
2.525-14 I 9.32E-04 
4.95K-I3 1 1.03E-02 
LIOE-12 I 4.06E-02 
4.46K-OH I 16SE+OS 
1.30K-19 I 4.82E-09 

1.38K-02 I S.09E+08 
7.88E-07 I 2.915+04 
5.26E-04 I 1.954+07 
1.29E-04 I  4.775+06 
3.63E-I0 I  1.34E*0I 
3.575-IC I 1.32E+01 
1.04E-02 I.94E+08 
4.89E-03 I  l.OIE*OH 
.3.060-02 l.13E+O9 
1.10E-24 I 4.085-14 
7.665-04 	2.53E*07 

7.055-04 	2.90E+07 

0.535-05 	.SEE+06 
1.E15-O4 	0.155*06 

2.875-02 	1.065+09 
6.000-OH I 2.27E*O5 

4.150-04 I 1.545+07 
1.275-06 	4.695+04 

1.325-06 	4.07E+04 
4.555-OS 	1.655*05 

4.340-34 	1.615+07 

3.480+14 
5.0CC-O2 	1.550*09 
4.405-02 	3.110*09 
4.3CE-31 	1.595*10 

3.5CR-03 	I.3CE*OH 

HM = heavy metal. 
Estimates on the basis of the assumptions: 
Burnup 36000 MW.d/t HM 
Enrichment 3.5% 
Fuel decay time 7 years. 

** Only the fuel inventory has been taken into account. 



rr 

FNNUI_ 	VFuLJE 

0 	C•D.CI 	ml Cn.5E-6 5fnirn.sI 
. = + 	D,C5I 	m 1( p/1mm/I 

SU1MEP VLLE 

- 	P6.5/SI 	m/s 6.1.5/C-O 	p/:11= 	II 

X 	P.0.5/01 	11/5 C.5/.3P-9 	p/In rn-/I 

t[SIRNCE 	FROM EMISSISN 	SOURCE 	:rn 

FINCVEP 

' 'D.0.01 mm 
4- 	 flO.CDl m 

STJTT6AT 

& VDmJ.O rn/s 
x 	n.o.00i In/s 

C1.5-0 V 111(11-51 

C=5. DE- V mm 

- 5E-8 V 111111 

C3.flE-5 RI 1mm Ii 

0157t/CE FROM EMISSION SLICE im 

IAEA-SM-254/16 
	

237 

FIG.]. Annual values of the reduced source 	FIG.2. Annual and sum,ner values of the 
strength for two sites in the FRG (Hanover - 	reduced source strength for the southern 
Northern; Stuttgart Southern), 	 site in the ERG. Stack height: 200 in. 
Stack height: 200 in. 	 YD = deposition velocity. 
lID = deposition velocity. 	 C= washout. 
C = washout. 

agreement with those from other publications 131. Table VI gives 
an overview of the gaseous and liquid effluents from the model 
fuel reprocessing plant. 

4. 	EXPOSURE ASSESSMENTS FOR THE SELECTED FACILITIES AND 
SELECTED SITES 

As an example for the exposure assessment, the radiation ex-
posure was calculated because for this impact area sufficient data 
and methodological tools are available. The influence of different 
sites can be studied on plots of the reduced source strength, de-
fined as that fraction of the original source strength which has 
not been depleted within the regarded distance. Moreover, local 
and collective dose comitrnents from a coal-fired power plant and 
from the facilities of the total nuclear fuel cycle were presented. 
Our on calculations were based on effective dose values 15 with 
dose conversion factors from 1141. In addition, the regulations 
for calculating the radiation exposure were accounted for 2, 31. 

The reduced source strength for a typical  northern and a 
typical southern site in the FRG (Fig. 1), and, for the case of 
the southern site, for a typical full year and a typical summer 
(Fig. 2) 1 were calculated up to a distance of 100 km. The calcula-
tions were made using a diffusion model of the Gaussian type which 
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F1G3. Local committed effectire dose equivalent fora model coal-fired power plant with 

different stack heights and northern FRG site conditions. 

also includes the influence of an upper inversion. The deple-
tion processes of dry and wet disposal were also taken into 
account. For the fallout process two deposition velocities, 0.01 
and 0.001 m/s, were considered; for the washout coefficient also, 
two different assumptions were made. High fallout and washout 
factors were combined to describe the behaviour of reactive gases 
like suiphurdioxide or iodine, and low fallout and washout factors 
were taken for aerosols of a medium diameter of 1 pm. In each case, 

the washout contribution is only about 10 % of that from the fall-
out. The aerosol depletion within the 100-km distance is negli-
gible; only for reactive gases a marked depletion can be shown. 
This points out that for aerosols there is a long-range transport 
problem. A site-specific difference for the reduced source 
strength can be seen of about 5 % for aerosols and of about 15 % 
for reactive gases each in 100 km distance from the source, which 
means that, on the whole, the northern site conditions will yield 
lower exposure values in the local range (Fig. 1). Moreover, 
there is no marked difference between the full year and summer 
periods. Thus, for calculating the exposure via direct deposition 
on external plant surfaces the growth season has not to be regarded 
in order to get conservative results (Fig. 2). 

The calculations of the local radiation exposure, made for 
the northern site conditions, show values far below the current 
dose limits. The different structure of the plots points out that 
a comparison of exposure values in one selected point is quite 
insufficient. The results for the coal-fired power plant (liquid 
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FIG.4. Contribution of different exposure pathways to the total local committed dose 

equtalent for a model coal-fwed power plant; northern FRG site conditions, 

ash removal) show the influence of different stack heights and of 
plume rise for the case of 70-MW thermal emission and 200-rn geo-
metrical emission height (Fig. 3). The very high dose values for 
coal-fired power plants which have been published 191 considered 
only the case of 100ni stack height without plume rise. For large 
coal-fired power plants, 200-m stack height with plume rise can be 
considered as realistic, resulting in a maximal local coiwnitted 
dose of about 0.1 mrem/(GWe.a). The contribution of different path-
ways to the total exposure shows major contributions of inhalation 
and ingestion, inhalation being slightly dominant (Fig. 4). The re-
levant facilities of the nuclear fuel cycle, the nuclear power 
plant (PWR) and the fuel reprocessing plant, show values of the 
same magnitude (Fig. 5). The exposure values for the power plant 
decline much faster than those for the reprocessing plant, due to 
the contribution via the different exposure pathways. For the power 
plant, 	y-subrnersion is the major contributor to total exposure 
(Fig. 6); for the reprocessing plant it is the ingestion pathway 
(Fig. 7). 

A risk-specific comparison can only be made on the basis of 
collective dose coninitment calculations. Such a comparison of the 
collective dose equivalents, especially the 500-year committed 
dose equivalents for gonads, was presented by the United Nations 
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 
in 1977 111. For reasons of comparability the dose values from Ill 
were converted into dose-equivalent values according to the RBE 
factors from 151. New estimates on the basis of effective dose 
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FJG.5. Local committed effective dose equivalent fora model nuclear power plant (PWR) 

and a model fuel-reprocessing plant for northern FRG site conditions. 
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FIG.6. Contribution of different exposure pathways to the total local committed dose 
equivalent for the model nuclear power plant; northern ERG site conditions. 
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11G. 7. Contnbution of different exposure pathways to the total local committed dose 
eqwsaient for the model fuel-reprocessing plant; northern FRG site conditions, 

commitments take special account of German technical and siting 
conditions. Apart from the new emission data sets discussed above, 
the greater population density of the FRG (250 cap/km 2  versus 100 
cap/km 2  in Ill) is of particular importance. For the coal-fired 
power plant these calculations also take into account additional 
exposure pathways which were not regarded in I1l,e.g. inhalation 
and ingestion after deposition of the nuclides on plant surfaces. 
The new calculations were based on the same model assumptions as 
in 111,meaning for the ingestion pathway that the nuclides are 
deposited within a radius of 500 km and accumulate on the upper 20 
cm of soil. The new estimates yield 400 (effective) as compared tc 
60 (gonads) person-rem/(Gwe.a) (table VII). The exposure is mainly 
due to the ingestion and, to a lower extent, to the inhalation 
pathways; y-soil radiation from potassium-40 is of only minor im-
portance. The dominant contribution of the ingestion pathway in 
this case, contrary to the local exposure result, is caused by the 
strong conservative assumptions which were made when calculating 
the ingestion pathway. Recent publications point out that y-soll 
radiation will increase, taking also into account the short-lived 
daughter nuclides from radium-224 1141. 

For the nuclear fuel cycle the main facilities, which were 
already considered within the framework of the technical assess-
ment, the power plant (PWR) and the fuel reprocessing plant were 
investigated. Again, the same model assumptions were made as in 
1! with the modification that typical German technical and siting 

conditions were assumed. In addition, the global distribution of 
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TABLE VII. RADIONUCLIDE EMISSIONS AND COLLECTIVE DOSE-EQUIVALENT 
COMMITMENT FROM COAL-FIRED POWER PLANTS 

EFSSIO5S 
COLLLCTIAE 	DOSE EIIUIARL[N0 LOMMITHENT 	(P000-r4E0/CW6.e) 

UNSCEXE, 	1917' OWN CALCULATIONS 

UIISCEAR OWN CALCULATIONS 
300005 001127190 	DOSE 1977 

NUCL100 ----- ___________ -•- 
-- Irgestion 

______________- 

I,latiTfl 

______________ 

IngectiAn InlainTicri raduvor 

U-TOE 50 13 10 0,1 0.2 

Th-234 7.3 - - 

3-234 13 3.2 17. 

00-233 7.3 2.3 13. 

Rn-225 10 9.4 1.4 4.3 

Pb-210 300 59 411 154 7.2 

Po-21O 100 90.0  

75-232 10 4.A 0.2 3.2 31.2 

Ra.-220 13 5.1 0.3 0.5 - 

26-220 14 4.4 3.5 10.2 

6.1 3.3 0.1 

6-40 150 21.0 - - 	
- 

TOTAL 54.5 205 99.5 8 

* 1 Ci = 3.7 X 1010  Bq. 
+ Ref.[1]. 

TABLE VIII. COLLECTIVE DOSE-EQUIVALENT COMMITMENT DUE TO RADIOACTIVE 
EMISSIONS FROM NUCLEAR POWER PLANTS 

NUCLI3E 

Er, 	Xe, Ar 

EXPOSURE 

DATHWAS 

4-3 ntrouphere 
C- 14  (local I C, Cu, 

and 
regional) 

Sr. Ru 

FL 	- 3 ' 	 waCn 
(local 

Cu. Cc, 
I 	ai4 	rn- 

Mci,I giunal) 

H - 3 atm 1 	oupOere 
o 	arri 

C - 14 J 	aater 
glcOnl 

TOTAL 

HADIOACTIVE 	EMISSIONSa 

5552604, 	1071 	0614 CALCOLATIOIIS 

1 	. 10 9.4 	- 	10 

1.4 	. 10 45 	. 	ic 
6.0 6.0 

7.0 	. 10 2  7.3 	. 	10 .2  

4 	
. 

13 4110 

5.0 2.2 

1.4 	. 14 533 

6.0 6.0 

30 2.0 2.0 

6.0 3.2 3.3 

53 1,5 1.5 

273 135 135 

554 106 156 

COLLECTIVE 1015K EQUIVALENT CTMHITHEIIT 
(PEOSON-PEIO/OWe .01 

	

UNSC[AR,1977 	 040 cALCULATIONS 

	

(000400) 	* 	(405045) 	(IFIECTIAE 	DOTE) 

	

200 	 0.0 	 9.0 

	

4 	 3.07 	 0.07 

	

0.5 	 1.5 	 1.5 

	

3.3 	 3,0 	 3.1 

* ICi''3.7X 10' 0 Bq. 

+ Ref.[11. 
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TABLE IX, COLLECTIVE DOSE-EQUIVALENT COMMITMENT DUE TO RADIOACTIVE 
EMISSIONS F ROM REPROCESSING PLANTS 

SUCLIDE 

EX'0SURK 

P21'HWAO 

RODI0076IOE EMISSION5 * 
(Cl/06e .i) 

8950084 	OWN COLCULATIOPIS 

1977' 

EOLLECTI1E 	DOSE.E7UIVIELENT 	60I1TM[9T 
(7E8SCN-REH/GHa.) 

1JNS005FI, 	1977 	 055 	CAL7004TIOSS 

(G0.AD5) 	(035805) 	(EFFECTIVE 	DOSE) 

Kr -  85 375 300 10700 07 005 075 

- 
atimosp5ere 1 	030 000 0.2 0.0 0.5 

loc1 
O - 	 14 and 	r- 17 10 1 1,8 1.8 

C 	9 
qiorial) 

0.1 0.4 0.2 55 57  
Sr 

S - 3 water 6 000 ED 000 40 57 67 

(local 
an 	re- 180 1.3 40 1.7 2.5 

r, 
917n01) 

H - 3 otiiiopheie 7 004 11 	000 72 34 34 

Kr - 95 375 	700 10 040 94 2.5 2.5 

C 	- 	14 
er 

) 	
(9lobal) 14 27 630 225 225 

T000L 874 3119 3113 

+ I Ci = 3.7X lO' ° Bq. 
* Ref.[I]. 

carbon-14 is calculated according to a model from I15, which 
treats the worldwide distribution ofcarbondioxide in a more dif-
ferentiated manner, thus yielding lower exposure values. The main 
exposure contributions come from the global exposure due to tn-
tium and especially to carbon-14 emissions (tables VIII and IX). 
The much lower noble gas and tritium emissions to be expected from 
the model power plant will also yield lower exposure values than 
calculated in 1, in total about 200 (effective) as compared to 
roughly 600 (gonads) person-rem/(GWe.a) (table VIII). Lower expo-
sure values also result from the emissions of the model repro-
cessing plant, i.e. 400 effective) as compared to 900 (gonads) 
person-rem/(G14e•a) in 1 . Lower krypton-85 emissions due to the 
krypton retention technique to be installed, and lower water 
effluents, are the reasons for this improvement (table IX). 

In table X a global overview of all exposure parts from the 
different stations of the nuclear fuel cycle can be seen. The 
lower ocupational radiation exposure from the model nuclear power 
plant of 400 person-rem/(GWea) is only valid for the pressurized-. 
water reactor (PWR); summarizing the values for all other reactor 
types yields about 1000 person-rem/(GWea), similar to that in 111. 
The low occupational radiation exposure from the model fuel re-
processing plant is based on extrapolated experience with the 
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TABLE X. COLLECTIVE DOSE-EQUIVALENT COMMITMENTS AND NUMBER OF 
FATALITIES (SOMATIC) FOR IHE NUCLEAR FUEl CYCLE AND FOR COAL-FIRED 
POWER PLANTS 

COLL000IOE DOSE EQLJIVALEN1 	OMMI MEMO 
PEPS 	-FEC/Ode-a) MOftEO 00 

'OTALITICS 
01)50000. 	1577 1481 	00 CFJLAT!0F5 

SOMAT C) 

501)200 GONADSJOFF007IVE 0001) 	- (11Ode-a) 

nuclear 	power plant + 
pub) 

600 60 	 160 0 02 

eccupat oiL 1000 400 k 	 400 005 

reprocessing 	P  ant 

pubIc 800 408 	 400 0.05 

occupot o+ioL 1700 110C 	 1110 0.01 

miniro, 	millinq, 	fuel 
fabrcatiar, 	transportation 

pub ju 711 20 	 n00 006 

Ocjp1onUL 707 200 	 200 0.02 

cycle 	( rn) 
3020 200 FF0 022 

nuclear accidents 

ryo-s500bastic effects 

ntochastic effects 

- 	] 

2000 0 4 

ccil-fired 	pocer plants 60 373 - 	0.05 

* Ref[I]. 
+ This value is valid for PWR plants. 

pilot plant at Karisruhe. The radiation exposure values for mm-
irig, milling, fuel fabrication and transportation have been taken 
from jl . The high value of the effective dose compared to the 
dose for gonads is due to the large lung exposure contribution 
from the radon-isotopes. On the whole, the new estimates show a 
reduction of the collective exposure values for the nuclear fuel 
cycle from about 4000 (gonads) to about 2000 (effective) person-
rem/(Gt4e.a). For the coal-fired unit the new estimates yield 400 
(effective) as compared to 60 (gonads) person-rem/(GWe.a) in ii. 
The new estimates show that the radiation exposure due to the 
emissions from coal-fired units is, at least at the local and re-
gional levels, comparable to the non-occupational radiation expo-
sure from all relevant stages of the nuclear fuel cycle at normal 
operation, each normalized per energy generated Taking into ac-
count occupational and non-occupational exposure at normal opera- 
tion of the facilities a the contribution from the nuclear fuel cycle 
is about a factor 4 higher than that of energy conversion by coal. 
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5. 	DETRIMENT ASSESSMENT 

A major risk of the use of nuclear energy is the effect of 
potential accidents. A comparison of this part of the overall 
pact with that from normal operating conditions of the facilities 
is difficult not only because accidents are events happening by 
chance, the occurrence of which is described by probability dis-
tributions, but also because the possible exposure values are so 
different that totally different main impact areas have to be con-
sidered (stochastic and non-stochastic health impacts). For a com-
parison of the risk from normal operation with the risk due to an 
accident, an aggregation of stochastic and non-stochastic impacts 
would be necessary; this is only possible on the detriment level. 
Both stochastic and non-stochastic effects are specified in the 
German Risk Study for nuclear power plants 141. The stochastic 
risk, which is proportional to the dose commitment values (ex-
pected value), is given with about 3000 person-rem/(GWe•a) (table 
X). A rough estimate of the total health impact from the radiation 
exposure from the two alternatives, coal and nuclear power, can 
thus be made on the basis of the collective dose commitment values 
multiplied by the dose-effect-relationship for stochastic effects 
II while taking into account, in addition, the non-stochastic 
accidental risk from nuclear power plants as given in 141. This 
estimation on the detriment level indicates that: 

The risk contributions from normal operation and from acci -
dents have the same magnitude in the case of nuclear energy, 
and 

The risk from radiation caused by coal combustion is about an 
order of magnitude smaller than the total radiation exposure 
risk of nuclear power. 

Finally, it should be pointed out that an overall statement pre-
supposes an overall comparison comprising, besides the radiation 
exposure inside and outside the facility dealt with above, 
further occupational and other risks,especially of coal-fired 
units and of coal mining, which do not constitute radiation expo-
sures. For the nuclear fuel cycle, the radiation exposure is the 
principal risk for coal-fired units it is only a part thereof. 
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DISCUSSION 

K. SUNDARAM: In Table X you have calculated the number of fatalities 
(somatic) per GW(e).a for coal-fired power plants, arriving at a value of 0.05. 
Does this figure include the stochastic effects estimated from radioactivity 
releases and other carcinogenic and mutagenic chemicals released? If this figure 
is only for radioactive releases then it should be so stated, as the figure might 
otherwise be taken as a comprehensive estimate. 

G. HALBRITTER: The value concerns only the radiation exposure risk, 
Risk assessment for chemical pollutants was not performed in this paper, and only 
the emissions of these pollutants were examined. 
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Abstract 

A COAL INDUSTRY'S VIEW OF RISK COMPARISON OF ENERGY SYSTEMS. 

The benefit of risk comparison of different energy systems is questioned and the methods 

applied to collect data and quantify hazards for comparative purposes are discussed. The dit -

ferent quality of the risk of a major nuclear accident and the scientific uncertainties about the 

impacts of the use of coal are shown. Improvements are suggested, particularly concerning a true 

assessment of the relationship between air pollution and human health. 

1. THE BENEFITS OF RISK COMPARISON OF ENERGY SYSTEMS 

Late in April 1981 a Council of twelve independent environmental experts, 
appointed by the Federal German Government, gave their opinion on Energy anti 
Environment in a 435-page report [1]. The judgement of the experts is a strong 
confirmation of what the coal industry predicted to be the outcome of all encleav-
ours in this fast-growing branch of science: No acquittal of nuclear energy; instead, 
both nuclear energy and coal are now in the dock. Alongside very critical state-
ments on nuclear energy, the experts fear, in respect of coal, "adverse health effects, 
which are still little explored" According to the Council, both energy sources 
can cause environmental burdens or hazards, so that neither is suited for massive 
expansion. The experts' advice: Cut down on demand. 

Some lessons can be learned from this. First, the obvious: There is no such 
thing as risk-free energy. Secondly, risk comparisons must not necessarily verify 
what is the objective of most risk comparison assessments [2]. that using coal is 
far more risky than using nucleax energy. This confirms world-wide experience 
that comparison of nuclear risks with those of coal-burning has not brought about 
public acceptance of nuclear energy. Thirdly, if our existing social and economic 

From paragraphs 615 and 618 of the draft of Ret. I  I]. 
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structure is taken into account, the margin for practical recommendations drawn 
from risk comparison is amazingly small. To recommend energy saving will hardly 
change the course of events. Indeed, in order to secure the future energy supply 
and at the same time avoid serious loss of political support, governments seem to 
depend on constant bargaining with the different social groups about sites, capacity 
and licensing conditions. In this bargaining process, risk analysts can only procure 
tactical arguments instead of substantially influencing the policy of 'decision-makers'. 

On the other hand, comparative risk assessment has contributed considerably 
to the difficulties in licensing coal-fired power stations. Under the German Federal 
Immission Control Law of 1974, these installations can only be licensed under the 
condition that it is ensured that no harmful effect on the environment can be caused 
by the operation of the plant. This question has to be discussed with all objectors 
to the project in an open hearing. All the arguments drawn from comparative risk 
analyses must, of course, be brought up in these hearings, starting with the death 
rate allegedly caused by SO 2  emissions and ending with the CO 2  issue. Compara-
tive risk assessment studies, their publication and their sensational coverage in the 
media are to a large extent responsible for a radical change in the public's percep-
tion of risk connected with coal-burning, and have thus added to the public's fears, 
frustration and distrust in respect of the power industry as a whole. 

Risk comparison in this field has definitely done more harm than good. 

2. CRITICAL OBSERVATIONS ON METHODS OF RISK COMPARISONI 

In general, comparative risk analyses on nuclear energy and coal are based on 
the assumption that public acceptance of nuclear energy can be secured if only 
people are shown that the risks of already accepted energy systems are very much 
higher. This assumption has proved erroneous, since people have not, until 
recently, been aware of the alleged risks pointed out to them by risk analysts and 
are not inclined to accept them. 

In the Federal Republic of Germany, it is mainly the foreign studies of 
Hamilton [3, 4] and Inhaber [5] and the German reports of the Battelle Institute 
[6] and those of the German Reactor Safety Commission [7] that have received 
public notice. Examining other published studies [8], one is struck by the fact 
that most of them do not differ much in the input data, in the methods of col-
lecting these data, and in their calculations to find a common denominator for 
comparative reasons, such as death per GW(e).a or man-days lost per GW(e).a. 

However, the results of these studies display a wide spectrum of different 
figures that cannot be explained only by scientific uncertainties (particularly 
dose-response relationships) but seem to reflect the subjective quality of judge-
ment in this field. The risks connected with coal are described in numbers ranging 
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from two to 253 deaths per GW(e).a. Depending on which numbers one prefers 
to compare, in an overall view coal-connected risks are either equal to nuclear 
risks or they orders of magnitudes higher. 

The following three sections of the coal fuel cycle are said to make the main 

contribution to these figures: 

Public fatal diseases: up to 240 deaths/GW(e)a 

Occupational deaths and fatal diseases: 
In coal-mining up to 9 deaths/GW(e).a 
In transportation up to 3 deaths/GW(e)•a 

2.1. Coal-mining 

Here the main risk in question is coal extraction and preparation. The Battelle 
Study [6], for instance, calculated the risk in this area to be more than six 
deaths per GW(e).a. Meanwhile the statistical data of 1970 used by Battelle (i.e. 
frequency of accidents) decreased by 30%. This shows that even actual data 
become obsolete within a few years. Therefore, Fanner proposed to extrapolate 
data to the period 2000-2050 instead of using data from the past [2]. 

In coal-mining, empirical data have existed for a couple of decades, while 
data for uranium-mining are partly analytical, owing to the long latent period of 
long-term effects of radon. This long-term safety record has considerably influ-
enced the efforts of the Federal German coal industry to decrease the number of 
fatal accidents. Whereas between 1960 and 1979 the output per shift in hard-
coal mining increased from 2057 to 4024 kg/man and shift, the frequency of fatal 
accidents decreased from 0.61 to 0.40 accidents per million performed working 
hours, i.e. by some 35%. Severe accidents that were formerly typical for coal-
mining, such as underground explosions, are very rare today and, moreover, have 
caused no injuries in recent years. The same is true of underground fires [9]. 
It is a great achievement that life expectancy of miners suffering from silicosis is 
today equal to average life expectancy [10]. 

Relating the actual occupational deaths and fatal diseases to GW(e).a is only 
convincing at first. On second thoughts, this method is highly questionable as coal-
miners will have to find work somewhere else if not in coal mines. None of the 
alternatives is without risk. Consequently only the greater than normal rate of 
coal-miners' risk, measured against the mean occupational risk of workers, can be 
ascribed to the coal fuel cycle. Furthermore, those risks must be related to work-
ing hours. The coal-miners' risk in this sense is exceeded by the occupational risks 
of inland navigators, butchers, road workers, civil engineers, carpenters, roof-tilers 
and even ore miners, who, regarding accidents, can be compared with uranium 
miners. 
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2.2. Transportation 

It is true that the coal supply, with its relatively large masses, adds more to 
the general transportation risks then the nuclear power cycle. On the other hand. 
it cannot be claimed that railway accidents occurring during the transport of coal 
is a typical risk connected with the coal fuel cycle. This kind of risk definitely 
has its own significance, the more so as the coal industry has no opportunity to 
reduce it. Therefore, in risk comparison, transportation risks should at least not 
have the same weighting as occupational risks or risks caused by emissions. It 
would be more justifiable to ascribe transportation risks to those who are respon-
sible for railways and crossings. 

Great efforts have been made in the Federal Republic of Germany in recent 
years to eliminate railway crossings (the main source of risk) by constnlcting fly-
overs and installing highly efficient signals. Hence we cannot transfer US data on 
this matter without caution. Moreover, the average haul is much shorter in Europe 
than in the USA. Finally, all estimates concerning transportation risks are very 
sensitive to the assumed mode of transport [Il]. 

2.3. Public fatal diseases 

The main contributions to risks associated with the use of coal are said to 
arise from environmental impacts of air pollution caused by coal-burning. Here 
the four risk studies described above rely partly on their predecessors, partly on 
three other reports: the CHESS study [12] and the reports of Lave and Seskin 
[131 and Winkclstein et al.[ 14]. 

It is well known that the CHESS study can no longer be considered a reliable 
source of data after having been examined by the US House of Representatives 
[15], when CHESS was found among other points to have "too many incon-
sistencies in the data" as well as "large data uncertainties or errors". Apparently 
the study was designed "to provide quantitative support for policy decisions" that 
EPA had previously made. Nevertheless, these data suiive in some important 
risk-comparison studies, where they represent the upper limits of the range of 
estimates. 

Later risk-comparison studies, e.g. L.D. Hamilton [16].  Lave and Seskin [13] 
and Winkeistein et al. 1141 used newer sources. None of these sources examined or 
found correlations between human health and pollutants other than SO 2 , 

sulphates and total suspended particles. To these pollutants the above figures 
for public fatal diseases must be ascribed. Yet many authors 117- 221 have criti-
cized the conclusions of these studies on the grounds that other important factors, 
such as smoking habits, exposure at home or at work, and other behavioural and 
social factors, have not been collected or have been poorly measured. In the FRG. 
the Federal Government re-examined its ground-level standards on air pollution in 
1978 [23] on the basis of expert opinions (see Section 3.1. helowL The experts 



IAEA-SM-254/60 	 253 

had stated that up to concentrations of 0.14 rng S0 2  m 3  and 0.08 mg NO 2  m 3  

and 0.15 mg total suspended particles per m 3  (average per year) it is ensured that 
no harmful effects on human health can occur, synergistic effects included. Since 
these standards (as well as the corresponding short-term standards) are met prac-
tically everywhere in the FRG today, it is established that in our country these 
pollutants can no longer cause any adverse health impacts. 

In addition, the findings of Lave and Scskin appear puzzling from the pulmo-
nological point of view as no statistical correlation between asthma and air pollu-
tion could be found, whereas such correlation with all kinds of cancer and heart 
diseases are reported to exist. According to experience, adverse health effects 
should have been observed, above all, as broncho-pulmonial diseases. 

The presumption that sulphate in air will contribute to observed health effects 
[16] does not seem convincing. Jt is highly improbable that sulphates may affect 
human health as an acid, because the lung possesses a highly efficient hydrocarhonate-
carbonate buffer system. It is also suspected that the metal ions might be harmful 
too; however, airborne sulphates consist mainly of ammonia-suiphates or 
ammonia-hydrogen-sulphates [24]. These compounds can be regarded as harm- 

less so far as concentrations in urban areas are concerned. 
Many authors refer to other emissions from coal-fired power stations, e.g. 

trace metals, hydrocarbons and radioactivity and, of course, there is the question 
of CO 2 . It is true that these elements or compounds can show great toxicity or 
produce other impacts in high concentration5. Yet no valid epidemiological study 
exists which supports the assertion that actual ground-level concentrations of these 
substances can cause significant harm. It is widely accepted that if these air pollut-
ants have any effect at all it will be extremely small and not quantifiable. A recent 
German study demonstrates that lung cancer incidence in urban and industrialized 
regions is not iugher than in clean areas [25]. 

This does not mean that the Federal German coal industry is not concerned 
about the health impact of these substance. Together with medical science, we 
feel the need for further research. Acting on our own responsibility we are sup-
porting and financing research programmes in order to clear up the uncertainties 
in this field. This is also true of the CO 2  question, which in essential points 
remains open. 

3. SUGGESTIONS 

Considering the pros and eons, one feels lost in this vast field of scientific 
disagreement. Yet there appears to be an urgent need for a new method of 
assessing the relationship between air pollution and human health. Obviously it 
is not enough to gather all opinions offered and sum up the existing uncertainty 
in a wide range of estimates. 
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3.1. Assessing health impacts of air pollution 

We propose a method that was applied in 1978 during the preparation of 
the intended amendment of the Federal Immission Control Law. In this connec-
tion it was necessary to determine under which conditions it is ensured that the 
main pollutants, such as SO 2 , NO and particulate matter, can reasonably have 
no harmful effects. These conditions were to be expressed in terms of legally 
binding ground-level standards. For this purpose the Federal Minister of the 
Interior (who intended to tighten the clean-air rules) conducted a hearing of 
some 35 medical experts. For a week the experts made their statements, while 
Federal and State authorities and even industry had the opportunity to ask ques-
tions. The hearing had been prepared by a questionnaire and a detailed study 
giving a survey of world-wide literature. The whole proceedings were taken down 
in a literal protocol [26). Agreement was reached, with the result that the ground-
level standards hitherto in force were to be considered "on the safe side" 
synergistic effects included. 

We think that the only way to achieve what is of the utmost importance in 
assessing health impacts of air pollutions is to evaluate thoroughly all relevant 
material for scientific reliability and to sort out those findings that cannot be 
regarded as well founded. 

3.2. Continuing scientific uncertainty 

The procedure described above fails when uncertainty or ignorance prevail 
in a certain area. This is true, for instance, of the CO 2  question. Here, in our 
opinion, any attempt at quantifying a risk is inappropriate. Even though no valid 
basis is available, an open scientific question is in no way comparable to the risk 
of a nuclear accident. The chance that science, after ten more years of research, 
will incline to a certain school of thought is not a quantifiable risk. It may turn 
out in the future that, unlike the nuclear risk, there is no (CO 2 ) problem at all. 
Scientific uncertainty cannot be disposed of by probabilistic calculations. 

3.3. Value factor 

Meanwhile it has been widely recognized that in risk analysis it is necessary 
to consider not only the likelihood and the consequences of an event but also the 
perception of these factors by those who are exposed to the risk. Deaths from a 
number of small everyday accidents or fatal diseases are not perceived to be equiv-
alent to the same number of deaths caused by a major nuclear accident [2, 27, 28] 
there are other important subjective factors which determine perception of risks. 
Therefore, if quantification of risk comparison is to continue, a value factor must 
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be induced to make allowance for perception, the more so as Slovic thinks that 
perceived risk is quantifiable (Ref.[281, p.9). 

3.4. Risk comparison applied within an energy system 

Comparative risk assessment might prove more rewarding if confined to the 
problems within an energy system. Here the analysts should concentrate on 
identifying priorities of risks to be reduced. To a certain extent, comparative risk 
assessment of different energy systems has already produced effects in this direc-
tion. In view of the huge costs of emission control techniques, as well as of 
research work, a measure for more reasonable assignment of means to the various 
environmental issues would be welcome. 
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DISCUSSION 

A.A. MOGHISSI: You consider the comparative risks associated with various 
energy sources in your paper. The regulatory agencies in the United States of America 
and in certain other countries have been accused of proceeding in an arbitrary 
manner on the grounds that they have not based their standards and regulations on 
scientific facts. I find it somewhat contradictory to oppose risk assessment activi- 
ties while basing regulations on them. Could you comment on this cor)tradiction? 

J. SEELIGER: As we have questioned only the comparison of risks of dif -

ferent energy systems, I don't see that there is a contradiction. It is possible, in 
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fact, to try to discover the scientific basis for regulatory restraints to be applied to 
a certain energy system and at the same time avoid comparing the scientific findings 
or what are deemed to be such) with those of another energy system. 

I.M. TORRENS: It is your belief, Dr. Seeliger, that the usual sort of com-
parative risk assessment between energy forms is not constructive and that risk 
analysis should more usefully limit itself to the risks at various stages of the fuel 
cycle of one energy form in order to find out where efforts to reduce these risks 
would yield greatest dividends. Another approach to this problem is to say that 
the usual comparative risk assessment doe.s not go far enough and should inálude 
the risks of not providing the energy as well as the benefits associated with the 
improved living standards that the energy furnishes. 

In fact, the data which a comparative risk assessment yields must undergo 
a further stage before they can be useful to the policy-maker namely, an evalu-
ation by suitable experts of their validity and usefulness in the light of the above 
observations. This is comparable to the 1978 German Policy Review mentioned 
in your paper. Problems occur when this step is omitted or when the risk com-
parisons are used by special interest groups to further their objectives. In sum-
mary, comparisons are not odious, but need to he handled with kid gloves! 
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OBMYEHUE HACEJ1EHH5I 

3A cqIT ECTECTBEHHbIX PAELH0HYKJ114L0B, 
COUEP)KALjUXCM B ATMOCEPHbIX BMBPOCAX 

YfOJ1bHbIX 3JIEKTFOCTAHUHH 

P.M. BAPXYIAPOB, B.K. BOPIICOB 

I4Hc7IITyT 6HO4143HKH 

MstuucleperBa 34paBooxpaHel{sus CCCP, 

MocKBa, 

Coios Coueicscnx Cou 1aJrrscrIsuecHx PecrIyöouk 

Abstract— AHHOTaIIH$1 

EXPOSURE OF THE PUBLIC TO RADIATION FROM NATURAL RADIONUCLIDES IN 
THE ATMOSPHERIC RELEASES FROM COAL-FIRED ELECTRICAL POWER STATIONS. 

The occurrence of radiation doses to the public living within a radius of 50 kin of a 
coal-fired power station due to the release of natural radionuclides into the atmosphere is 
discussed. The following ways in which doses occur are considered: inhalation of radioactive 
gases and aerosols, intake of radionudides with foodstuffs and external irradiation by radio-
active materials settling on the ground. Calculations are performed for a 1000-MW power 
station. Annual doses and the expected doses over 50 years from annual releases and from 
continuous release over this period are obtained. The effective dose equivalents are 7.1 )< 10 
mrem, 0.65 rnrem and 19.9 mrem, respectively. A comparison is made with irradiation from 
the atmospheric releases of a nuclear power station of the same capacity. 

OBJIY4EIII4E UACEIIEHHSI 3A C'IET ECTECTBEHHb1X PABFIOHYKJTh.LLOB, C04EP)KAIUI1XC3I B 
ATMOCEPHbIX BbIBPOCAX YIOJThHbIX 3IIEKTP0CTAI-1U11c1, 

PaccMoTpeHo 4OpMHpOBSHHC no30BMX itarpyaoi< Ha HaceneHsie, npoaosnalomee H5 leppHTopHIl 

paiLOYcM 50 KM BO1<pyF IeKTpocTaouHH, pa5oTaioLueC Ha yrrie, aa OICT ablOpocoB a arM0c4Jepy ecreci-

BCHHSIX patLHOHYHJIHOOB. Ysreissi cnerlysoiwie  liyfl{ 4lopMMpOBaBHS 003: 5u{LaJ1j1UHX paOHOaKTHBHsIx 1'a-

305 ii a3p030lue1b1x qaCTOU, aocryruleHae pa.paoHyKnHtLoB e nHu.leBsMH flpouyI(TaMH H BRCffIHCC Obny'IC-
asc aa olcr paj].Hoai<THBHhIX Bel.UCCTB, OCCBUIIIX HB noB cpxHoCm no'Bsc. Pac4eTbJ BbI0011HeHbI LOIS' acleK-

TpocTaMLulH MOU3I50CThIO 11100 MBT. florlyqeHsr 3HaeHs3i ao3 Ia roll,  oan!llacMott lIossL aa 50 lIST OT ro-

nosoro Bbipoca n ia 50 fleT Or HCflPCb1BHO0 BblOPOCa B TeqeSOle 3T0TO aepsiona. 344,eKr1iBHb1e 3KBH-

BaJTSHTHSIe 00351 COOTBSTCTBCHHO pS'H5I 7,1 . 10 M03p, 0,65 M6p a 19,9 M63p. LlaHo cpaBHeHkIe 

c o6ny4eaHeM aa C4T arMoc4ep1sb1x BSI6pOCOB aToMaLix aIleKrpocTanIoIO TaKofi 5(C MOLIJ.i{OCT}I. 

3HepreTHKa, ssHJIrnonIagcx OCHOBOH paaBHrJl$s Bcex oTpacnen XOBBHcTBa, xapaKTepFl-

ayees HaI46olIee BbICOS(HMII TeMnaMu pocra npowsBoOcTBa. Teanonbie JneKrpocTaHliHlt 

(T3C), noTpemuowIse  pa3c1ls'mbre BIWbI opraHHecKoro ronns{Ba (arsei.imifs yrons,  ro- 

piwivfi coaHeE, 11e43r5, raa), BBIIIUOTCSI B HCT05l[L1C BpeMSI rnaBHblMH II0H3BOW{TCJIBMH 

aJIeKTpHecKoH aHeprHss. B '1CTHOCTH, B CCCP MX 00315 B oueM F1PQ143BoacTBe 3HCprkfH 

COCTaBHB)Ia B 1980 r. okono 80% [11. 
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TA 15J111'fljA 1. C09EP)KAH14E HEROTOPhIX LCTECT BEI-IHbIX PAWOHYKJTII4JOB 

B 30.TIE KAMEHHOFO yrnH, nKri/r 

C'rpaHa, 

MeCT000KnCHHe 
yryl3c 

2 Ra 2 Ph T1i 40 K 
Ccwii<a Ha 

'°Po 	22 Ra 	"1J 
JIHTe.PaTypy 

cccP 
LIoHBacc 3,5 4,4 2,6 31 4,4* 	3,1 * 	15 * 	COOCTBeHHbIe 

JiaHHbIe 
3KH6acT 1,5 2,4 0,5 5,7 - 	- 	- 	CO&ThCHHLIC 

aaHFIMe 
Ky30cc 3.1 3,1 O's 1,5 - 	 - 	CoOemenHLle 

J1H11 MC 

Kaparai.iia 1,6 1.2 1,1 13,3 - 	- 	 COGCmCHHWC 
JlaBHble 

flo,oci<oi,e 4, 2,0 1,6 9,7 - 	- 	- 	CO6CTBdHHbLC 
BHHMC 

CI11A 0,4-3,1 17,3 2,6 11,0 - 	 [5] 

ABCTpaJTHSJ 14,0 - - - - 	-- 	[5] 

1Ioyu,uia 0,6-6,4 4,4-6,7 0,1-0,22 22,5 - 	 - 	(5] 

BcHrpw 0,6-15,0 - - 	-- 	[5] 

* Pacyemb]e laffilble 

BMCCTC C 1CM, 31-Iepre1HecK11e Hfl1451TM5i HBJL5IIOTCR OL].HHM H3 OCHOBHbIX HCtO'1-

HHoB 3arp5flHeHH$r olCpy>Kalowel CpCCIbJ H, TtO-BHTHMOMy, OyJlyt ocTaBaTbce TaICOBLLMH 

B 6nrnauJeM 6yzytLleM. lipH 310M Bpewioe B03I1eHCT13He ariepreecx o6LeKToa na 

OKPY)KiOLuYIO cpey It 34IOP013bC  qenoBeka riepecTailo ROCFITb jloKa.'mnbLll xapalerep H npea- 

TL0Cb B cfaKTop riio6aimuoro 3HaqeHHa. OTcIorIa r]oI-IlTrla Heo6xor1MoCrb uMeTb peajm-

Hoe r1pe1c 1aBJIeHHe 06 ypOBHBX B03M0cH0ro BpeoHoro B03eucThl{g Ha okpy)Ka}o[IlyFo 

eperly H kiciloReKa, XOTOPOe He orpauuaaerca TPZ111WOFH1O paceMaTpriBaeMblMH XHMH- 

BKTOBMH (CO, NON , SO2 , rri,um, T0KCW1CCKIIe MeTaJlh1bI, H0JIHUHKYIH'IecKHe 

apoMarHqecKHe yrneBoi u T.71.) , a Bnioiiaior B ce6yi TaK)Ke II BO33}1CTBHC  eCTePTIELCH-

HblX 	(EPH) , COLICp>KBII14XC2i B aTM04CpFIbIX Bbl6pocax T3C. Peajliasi 

H, FLO B03MO)IdHOCT0, nowag olieuiza TaKoI- o B 03IIICHCTB }1}i TeM 6oiee Heo6xo4}lMa. T.K. 

'IHCTO IICHXO;IOrHqeCKHe dIJaKTOphI 3alaCTyI0 rIpHB0p,$i1 K TOMy, qTO HedflaLOHpariTHOe BJIH-

BriBe Bb16pocoa T3C H]43HBCTCri 061llecrBel4rIbIM MHeHHCM MCHdC OflacHb1M ITO CpaBHCHHIO 

C BhI6pOcaMH aToMilbix 3JIC1CTPOCIBHUMH (A3C). TaKaB noiiria. He noiripeunenria oc-

raro4llo TO4HbIMI4 K0JIrI'1ecmeHHhIMlT oUeHlCaMH, TOpM03111 pa3BHTrre aToMHoFI HepreTHKH, 

KoMueI{cIlpyIowee HcrouaionHecij aanacii oprariH4eckor0 Tonrnia. 3aatia  y'LeHbIX, Ha HW 

B3rJIa3, 3aKrno4ae1cg HC TOJTbKO B TOM, 4106h1 yöenulb oOIllecTBeHIIoe MHeHHe B EIeO6X0L1H -

MOCTH H HeH36eaHocTH pa3BHTHB aroMrioH ariepreniriri, 110 II B rOM, qTO6bi ara oö'beKrIlBHyffl 

OFICHICY B03MO>Kn0r0 He6naronpiullHoro E03C1ICTBI{31 Ha oKpy)KaIowyIo cpey H qelloeexa 

orxoLoa aHeprelwlecicrix oöeKToB, B 4aCTHOCTH aTMOCcfTepHblx BbI6pocoB. 
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B HC10HWC paöole paccmaTpuBaCTC51 paUIaUHoHHoe 1303eIiCTBHe Ha HacejieHHe 

EPH, coiwpawxc a amoc4epiuix BbPOCX T3C, Pa6OTaBMWIX Ha yrnc H BBJlBIoHxcB 

OCHOBHbIM I4CT01HHK0M 3JIeKTpH9ecKoi1 )HeprHll. KoslH4ecrBo EPH, noCryltafoHp4X B 
a1Mocepy C YITHUl 30J10H. 33B11c11r OT HX C0RCP)HHH$I B HCXOI1H0M TOIIJTMBe, CJI0Bk1H 

ero cropaBisi, 3I4eKTHBHOcTH 30 JI 0YJIBJIHBBIO 1UHX CHCTCM H 01 apyrHx napaMerpoa. 

Bce npHaoWlMble B pa6ore pacemi Bb1nOJHeHbI pjjjj 3flCKt0CTHLWH COBpeMeHHOrO TCX-

HOJIOFH'IeCKOro YPOBHB MOIIHocTMo 1000 MBT, ITOTPe6Ajij0LueA B CYTKH 12000i yFJIB, 

30JIbHocTb KolOporo cocTaiiei 25%. CJTeyeT oTMeTI4rb, 410 30JTbHOCTb yrJig a CCCP 
Kone6rIeTcg B BeCbMa UIH0KOM flHalja3oHe oi 7-10% o 40-45%. KoJrn4ecrao OmaHa, 

o6puyioweroc3i ripH C)fdHraHIm yrrn, coclaBJisieT 20%, i0eKTHBHocrb 3OJiOyflaBJiHBaHHH 

flpHH5ITa paBHoH 98,5% [2]. Bce I4CH0JTh30BaHHbIC B paoe XapaKTepHCTHKH TOI3SIHBa 01-

HOC$ITCH K yrnio, jjo6hiBaCM0MY B 1ou6acce, H npeCTaBJ1eHbi B Ta6m1, 

ILmi oueHKH 011Y4CHHiI llaceJieHwI 3a C1c1 aTMoc4epHb1X aai6pocoa T3C ibiHH npii-

WiTh! onpe&eiieie LoHyueHi4si. Cneyer npenap}ITeniHo OTMeTHTh, 410 ejTho pac4eToB 

hW0 onpeeneue cpejU4x IO3 0JIY4HH4 HacenelcftH, 0PO)KHB3J0UCFO BOKpyr CTaHUHH, 

a He 4Jai<rrniecKoe pacrrpeenee q03. 3o CB$I3BHO C 1CM, 410 B OCHOBe oLeHKH BOBMO)i<-

HbIX CTOXBCIH4CCKBX 344eKTOB n0ci-11 KOHL!CEILLHB 6ecnoporoaoro ,IICHCTBHB i-l0HH3i4pyF0-

u3ei BHLI3{11 H nulHeirnoi-i 3aBHCHMOcTH MCaçLy zko3ok H J4eKT0M. B 310M dilyqac qac-

TOTB 344eKTa  0flpeenHCTCH KBK "npo}J3BCeHi4e HOYIYWHHOi t CpeD,iiCH 403hi Ha 43CTOTy 

FiHTepecyiouero 6ll0n0r11qecKor0 ceicra Ha egHHHUY 4L03ii" 131. 410 I103BO31HCI 1135e-

)KaTb HC0X0LjUM0CTH orIpeJIeJleHHB ciaKTi-1qecKoH aomi i-i 414CJICHHOCTH rpyrin JIHU, fl0LBepF-

iIiHXCB B034CHC1B11io KOHRpeTHb1X YPOBHCfi L03. OTcEon± BbireKael OCHOBHOC npuHflToe B 

pacerax 40HYLUCHHC aocepHaie BbIôpocbi pacnpeJIenHiorcsi paBHoMepHo B npeeiiax 

onpeeneHHof Teppwropl.ii-1. Paaiep lCppHTOpHH onpencnei-r 113 YCJ1OBL{B, 410 BbiX04 pawo-

aKTilBHbix Beaiecra  aa cc !TpeCnbI iie npeiniaer 2-3% or oOiUcro Bb1p0Ca. IlCUOflh3yH 

3BKOH Yb1BB11HR KoHUeHTpaw1i C PaCCT051HHeM (R!Rhj)" 5  [4], 6bIJiO oripeJeYieHo, 410 

npii Bh1COTC Tpyöhi 200 M panyc paccMalpHBaeMou Teppi-iTopii L01)KCH cocTaBJiHm 11pM 

MH0 50 HM 

PacoMolpeBbi Ipil j3apmaHTa cI3 OPM 14 POB 3HHB 11o3: 

-- r00Boc1 Bhi6poc parncoHyKrnwoB, 903a 4mpMHpyerci 3a JTOT Ke von; 

- rooBoo BbiP0C paUHoLiyKnHnoB, 403B 4J0pMi1pyCTCH 3B 50 flCT (oicMnacMaii 903a) 

- HC0CbiBHMi Bb15p0C P2)IH0HYKJikILi0B B 1C4C1{MC 50 nei. nOaB - M jTOT e ui-rrep- 
Ban BpeMei-IH. 

flpii Onpe4eoieHBu ypOBHeff OJ1V4CHN5J Y4HTMEBBHCL HHraJfflwOi paLwoaKrilB!mix ra 

3011 (paooH H Topon) H a3p030,TIbHbtx qaciu flOCTYiCHH paUHoHy1oJ1M1oB C IIHH!CBhEMH  ilpO-

nykTaMM, abipaweHi-IbIMB Ha 3arpH3MeHHO reppalopilil, a TK)KC BHCI1IIICC 061iy9CflHe 3a C3iT 

ocenaHllB PBOK1HBH0 30Thl i-ia noBepxi-iocm i!O4BbI. 

BIiewHee Oöiy4eKue. UpHh{iMaJiocb, 4T0 BOB BbmaBaiag oa rloaepxnoom flO'-iBM ona 

paBMOMepHo pacnpeneneiia a upenenax rny6wimi naxoTHoro cnoa, paBoro 20 CM. Pac4cT 
MOIW1OCTH n03bi i-ia BbICOrC I M 011 H0BCXi-I0CT14 BbIHOJLHHJICB HO 4)opMyrle [5) 

Dl.5SFu+1,6FTh+0,16FK 	 (1) 

me D - MOWHOCTh £tO3br BUCUJHCfO OOMy4eMHg, MKpanJri,  F11 , FTh, FK - c0cp1icai-ivie 

coOTBerCIByIoLiiHx panlIOHYK.rIHnOFi B HO4BC. iiko/r. 
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HdnoJIbaoBaHHe HpliBeBelIHot 4opMyJm1 npewwIaraer, 'ITO BCe HpOyKTbt pacnaa 

HTh oaxowiici B PW1OKTHBHOM paBnoBecuM. OWIaKo 3T0 yeJioBile dnpaBeHBo 

£UJB fOHh1X nopoj H BHOCIIT OHpCJ1HH/fO HCTO4HOCTb [IPH pacee 403 01 [lO'IBbI. KpOMe 

TOFO, coorilomernie KoHI.eHTpaHHH paHOHyKJTHJiOB, B 'IaCTHOcrH 2 U 14 26 Ra, B slerBiHell 

oiie OTJ1144BTC9 01 000THomeHHsI }IX B 1I0'IBC, yCTaHOBHBHICFOCH B pe3yflbTaTC BeKoBoro 

paBHOBeCH$I. TaK, CCZU451H Kol-IUCHTpaU34B 226 Ra B flO'lBe KOJieOJieTcfl B 1Hana3oHe 

0,1 - ,1 OKH/r, a 	0,3-1,4 OKH/r [4, 61, i.e. cooTHomeBMe 69143K0 K 1. A B JIeTHWeH 

orie, icaic ciieyeT m3 iaön. 1, KOH1HTW1H ypaa flp}IMCpHO B 4 paaa BaIuie icoiweHipaw{H pa-

IH5I. Ecsni y4ecm, 'ITO OlKJ1O 99% BKMAa B MOLIWOCTh O3bI 3a c'iei EPH ceMeHciBa ypa- 

na iaioi 214Pb H 214 Bi [4, 51 i.e. flOKThI pacnaa 226 Ra, TO HdH0JIb3OBBHHe jopMy.uh1 (1) 

npliaeno 6b1 K 3BBLILUeHHI0 MOLUHOCTH 903bl. I103ToMy B JiaJThHeFIlJJHx paceax B 4OpMy- 

>' (1) BMecTO F(OH1CHTHH 23 U  Ll0aCTaBnHnacb KOuiTHTW15I 226 Ra. AHan0rHqHb1i 

cLBHr cooTHomeNHo KoH1eHTpauHM CJiOBJiO 6bl O)iUWTh H XM 232Th 1, 22S Ra.  O)j.Halco,, 

BBny OTCYTCTBHJI HeOXOWiMb1X gaHHblx, 3TOT BO3M0KHbIH CBMr 1(oHueHrpalwfl He y4TeH. 

Bflyrpeff nec noc7ynieHue. CoepaHHe EPH B pawlOHe OIICHHBBJiOCb no JIHHCHHOI4 

MoLlesrn, 061I46 BMTj KOTOpOH flOJ14CH no HTHblM 11a6I0LeHnHM aa 3afpH3HernleM  pauilo -

iia B pe3yJlbraie rJIoOaJIbHbIX BbinaeHMo 90 Sr H 13 Cs [7] 

CpPL.IFII+PBFB 	 (2) 

re C 	coiepae pagHOHYKJ111na B CYTOMHOM pau.HoHe, HKH/paUHOH, F 11  H FB - coep. 

)lcaHHe paJJ.HOHyIC11HLI013 B ri0 11Be MKM/KM 2  14 B Bb1nBieHnHx MKHI(KMT ro11) p11 H PB 

Ko34JcHw4eHTbl LlpolIupLulOI-iaJIBH0CTH. 

3HalLeHue K034411L11eHTa np000pwlolla.m}IocTl4 pn  IVTII  paH0HyKflHJiPB, BbIpaCblBae-

MbIX c JIeTHueH 3011014, llOJIy'LCHbI rio J1HTCTYHb1M HHhIM Ha oc11oBe HX C01KHHH B 

paiioe x cpewe KOHI.leHTP2o.H14 B rIO'IBC [6, 8-101. 1 ITO xacaeTC51 ico344HIoeHTa 

Bo31ymnoro 3FIJ3HHHJ3 p, TO O1ICPJ1HHC cr0 pealmuoro alIa'leH}m He npeicTaBllanocb 

B03MO)HHBIM. I103TOMY, 110 amnomH C LaHHb!Mn, norIy'IeHHh1MI4 no rJIOt3aJIbHbIM BbjnaJie• 

HOJIM 'Sr H ' 37 Cs [11], ObillO IIpHHHTO, 'ITO JTOT KoB0HIHeHT B 10 pa3 BbIuie no'IBeHHoro. 

[Jo-BIWIIM0MY, Taicon no~Lxo;j 3aBbluJaeT 3Ha4eHH5I PB'  rIocKOJThI<y 6140norH'IecKa5I OCryfl-

HOCTb pa1H0HyKJIHoOB,  CQE1P)14WI4 XCH B  riTUiC1{  aone, cKopee Bcero, Hwn(e, '1cM LOCTyH -

HOCTb fJ1OJ1bHblX paHOHyKnWIOB. Jro e 3aMeuarn4e OTHOCHICH 11K p11, T . K. öFionorH-

'iecKa LIOCTYUHOCTh oceBliJell Ha iiO'iBy 30JIbl, no-BFWHMOMy, HH)I(e, '1CM KJiapi'ZOBBIX EPH. 

HaiconneHHe EPH B OpFaHl13Me OUCHHBflOCb  no 3KdnoHeHwfaJmHoH MOLCJiH 

Q(t) = 
C.f (1 
	Xt) 	 (3) 

rie Q(t) - 	 paJHOHyKrna B opraHe, nKH/opraH, f - }c0344HUHeHT nepexoaa 

paaMOHyKamga 113 paujioHa B oprafl, X3 	- flOCTOBIIHH 3(]4eKTHBHOFO flOJ1BbIBICHH$1 

143 opraHa, t. 	opMyJ1a (3) cnpaneuiva Lipli IIOCTOHHHOM C. Owaico coTep3caHHe 

EPI-1 B flO'IBC MCHJieTC3i no 3aKOHY 

FB 
F11(t) =__(1_ e=11t) 	 (4) 

A11 
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re F(t) - coep>aiie pazkHOHYKJIHga B t1OBC, MKH/KM 2 , FB  YPOBHH rOOBblx BbI-

naeuHH, MKH/(KM 2 . ron),  X, - lTocroHHHaH rIoJIyo1H[LIeHHJi noqBbI, paBiian 0,01 ro -' [1 21 

B COOTBCTCTBHH C 3THM MHHCTCH H 3F143HCHHOCTh pauHoHa. fl03ToMy, 

cogepwaHme EPFJ B oprae Bb1P)KBCTCH 	 cooTHouleHHeM: 

Q(t) =FBf(1 _.t)( 	+ 	
) - 

	Fp 	(Xt e ' ) 	(5) 
XX44 	X(X11 	43c.) 

003Haerno ie )fce, 1410  H B flpeIb1ytqHX ()opMyJIax. lnc1eHHbre 3Ha4eHHH ICO344HUHeH-

TOB f H XH 3HMCTBOBHM 143 paoi 1 4 , 6] . flpH paccMoTpenHH nepopaiioro nociyrrue-

HH$1 He y'IHTbIBaJIC$I °R, TIC OH COIITCTBYCT cia6wibnomy Kaffiflo, HaxoruJeHHe XOTOpOLO 

B opraHH3Me HaxoAHTcH tI0 KOHTOI1M FoMeoCTaTH'IecFc}Ix MeXaHH3M0B, CneIoBaTeubHo, 

H HBKOWCHMC ° K 6YACT OFPBHH14HO 4H3HOJ1OrH14CCKHMH flOTPHOCT5IMH opraHH3Ma. 

11pM o1eHKe HHFJI5ILWOHHOO llocTynhIeHHg a3po3oIIeH pBCCMaTpHBaJIHCB Bce parnia-

IIyKflHRBI, ITPCLLCTBBJICHHBIC B Ta511. 1. fIpMHHMaJIOCB, '4T0 HaHöonee BepO$ITHBIH aKTHBHI,I14 

Macc -a3pOLLHHaMHuecKH cocaarnrer 5 MKM [2]. RoHIeHTpawrB a3po3oxle6 B 

B03XC onpeeJiHnaCb H3 11peJnoJ1o)+(eHH14, 'ITO OCCaaHHC neTHueH 30JTh1 I1POIICXOLI$T CO 

CKOPOCTbIO 0,01 M/C [2, 4, 13]. Torna 1(OH1ICHT1HB 6yAer paBHa: 

A 
a -v- 	 ( 6) 

re a — K0HLLeHTpauHa a3p03OJleI4 B 803ZyXe, UICH/M 3 , A - BbI6poc 3KTHB}T0CT14, RH/c, 

V — poci 06BeMa, B KOTOpOM pa36aBJlBJTCB BbJ6poc, M 3 /C. 

)IUR paceia LO3OBOH HBPY3KH Ha nerkHe M gpyre opraHbl flH HHFaJTHII.H0HHOM 

flOCiYflJIHHH EPH HCU0JTh30BJ1BCb MOCflb Jlero'I}{oro o6MeHa, npeIuIo)I(e1THasi pa6oe0 rpyn-

noi MKP3 [14]. Bo3Mocnoe 060raIl*eHMe MBJIKHX paI'zwrH YICTALIleg 3OJThI He y'IHmIBa. 

flOCb. RaM orMe'4aeTcB B AoKjiaae HKLAP OOH [4], MaKCHMaJIbHbIH K034411w{eHT o6ora-

UCHH$I Ha6JnoLweTcsl l)1H IjpaFcwIH c pa3mepom 'racTrn, paBHBIM 1-2 MKM, H iiH pa3;rn14HbJx 

paH0Hylc1H10B JI)KMT B npejemax 1,2-5 no CBHHHI0 C paKIweii C pa3MepoM qaCTH1, 

paBImIM 15 MKM. 1103ToMy QtkCHKa 903, [IPI1XOI$WHXC1T na pa3JIHqHbie opraHbl 3a c'4eT HH-

raJTHII,H0HHOFO HOCTI1flCH1DI 5C3 yeia aiopa O6OFaUrCHHB npllMepHo B 2 paa 33HH)I<CT 

Be1114 11uHy 903bI, UOCKOJThKy pe3yllbiaml orlpenefleHHhl EPH B 3011e, flCCTBJ1CHHb1C B 

ia6n. I H HcnorIh3OBaHHbIe B paC14eTax, llOIIy'leHbI no 30JIe, OTOpaHHofI C 3JIeKTpO4)MhIbTpOB, 

a 4aniwiecnasi AllcnepcHocm JICTRLUCA 30HBI MCHBLIIe. C ApyrOA CTOpOHbI, npenonaranocB, 

'ITO flOCryrIaIoUaH B J1KMC 3Ofla HOJIHOCThffl paCTBOpHMa, 'ITO B CBOIO O'4epeLb flPHB01H1 

K HeCOMHeHHoMy 3aBbIujeHH}o 003b1, OIjeHHTb KOTOOC He [IPCTBJ15IflOCb B03MO)+CHb!M. 

MoHo JIHIIIB npewono)KIITI, 'ITO C MCTOM Bcex JIOJ1YWeHI4f1  OK0H'IaTeJmHbIe 3Ha'1eH1151 O3 

3114Wb He HaMMOrO npearniaior peaIbHbre. 

Pac'IeT iO3 O6nyqeHH31, O5YCflOBJTeHHbIX HHramrnHel4 paoHa H TOPOHB BBIII0IIHeHB1 C 

yqeTOM HCUOCPCCTBHHO BbIpacbIBaeMbIx B aocepy paaRoaKTmBHbIX BeweciB H 3KC-

XJI5IIW}I 143 HO'IBbI B PC3YJThTBT OceaHHii 226 Ra H 232 Th. llpewonararoc,, 'ITO paJIOH H 

TOPOH FOJIHOCThIO noclynaloT B BTMOC$epy flH C)I(HFBHHH yf 5151. 11OCKOS1bKY riepmoj nony-

pacrta)ia TOPOHa COCTaBIISIeT JIHWB 55 C, OH TIPaKTMCCKH He cocraei npwseMHoro cnost 

B03yXa, H OCHOBHOh BKJIBL B 103y gaeT TOpOR, 3KCXanHPYmIUHM 143 IIO'4Bb1. Bhl6poc B 
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TABJIIILI,A II. OBJ7YEHHE HACEJTEHWI 3A CET ATMOC(bEPHb1X BbIBPOCOB T3C 

B PAIILIIYCE 50 KM, M014HOCTb CTAHUI4M 1000 MBr 

Ycno1R 

o6yIyqeHM3i 

fly!i 
BOFltCTBH! 

flenthe FouaibI 
}COCTHt,J1l 

M03r 

3H)loCTaJm- 	Bce TCTIO 

liMe KJleTlCli 	lu1. 	oia) 

BMOpoe a tog, BilewIlee 0,6 10' 0,6 	1O 0,6-10-1  0.6 . 10 -2  0,8 . 10' 
go3a 3arog, E1Hran.gHiI 210,0 10' 120,0 	10 85,0 10 -1  20.0- 10 66,0 - 10 

M6P E11u1eBo11 6,3- 10 6,3- 10' 12,7 .10-1  21,7 	10 4,5 10 

Bcero 216,9 10 126,9 	10 98,3' 10 42.3 	10 71,3' 10 

BL16p0C 3a cog, BHewHee 5 1 0- 10 5,0 	10 5,0 10-2 5.0- 10 6,3- 10 

goa 3a 50 OCT, HHraiisru,1ur 140,0 10 25,2 	10' 20,9 10 73 . 10 25,7 . 10 -1  

M63P flllWeBn1 25,6 10 25,1 . 10-2 73,8  10-2 503,0- 10 33,3. 10' 

Bcero 170,6 10 55,3 	10_2  99,7 10 5153 	10 -7  65,3- 10_2 

Bbl6poc3a5OsIeT, BHemHee 1,3 1,3 1,3 1.3 1,6 

903a 3a 50 neT, llHraJurulI2 25,2 10,6 7,6 1.8 6,7 

M639 fllL[UeBO1 8,8 8,8 25,6 176.0 11,6 

Bcero 35,3 20,7 34,5 179.1 19,9 

alMoc4Jepy pa77OHa 013CHHBJ1C$I 143 11P0II0J1O)KCHH$I 0 paBHOBECklit ero C 	B yrlle, 1<OH- 

uepaw431 KOTOPOFO B yrie iTO HllhI{M £1aHHbIM COcTaB3lgel 2 nKH/r. Bo Bcex pacerax 

£103, no BCCM HYTHM ()opMHpoBaisa y1iHTbLBaII0CI HC TOIIbKO KOJ1HCCrB0 EPH, Hellocpel1 -

CTBC}IHO Dbl6pacuaaeMoro B aTMOC()epy, HO H O5pa3yIoUerOCB B pe3ynbTaTe pa}foaKTMB-

HOFO padflaLla [IPeLIIIICCTBeHHHKOB, 'Ito 000I5CHHO B)KHO UH paceax o)lu&uaeMbIx £103. 

,L103oBble 1cO34xfl11HeHThI £1JTH 3JTH'IHb1X Oprak{OB, HdnojIb3oBaHHbIe B paOoTe, 3aHMcrBoBa-

HbI 113 fl141CTHbIX I{CTO'IHHKOB [4-6, 15, 16]. 344eKT14BHaH 3KBHBaneHTHa5I £1033 

onpeaea3mach 110 peKoMeH)IoBaHHoH MKP3 MeTowike C y'eioM B3BWHB101]3HX 4aKIo-

90B 117]. Pe3yJlbTamI pac'IeToB L1PBCTBJ1HbI  B Ta6n.11. 

BeJIH'IHHa cpewleH 344eKTHBH0H 31<13HBa.JICHTH0H £103b1  3a 107T 01 rozooro BbIp0-

ca T3C MO[IWOCTh}O 1000 MBT coclanJiHeT 0,07 M63p H flO4TH noirnocmio (Ha 9376) 

o6yclloBrreHa I1Hra1aUH0HHbIM nociynneHHeM EPH. O>IowaeMaH 3a 50 MCI 01 rooaoro 

nbIOpoca aRTliaHoclil iO3a paBHa 0,65 M63p H Ha 50% onpeenieica 11OCT11MCHHCM EPH c 

IIHWCBbIMH npooyKTaMH. 3'ra £1Ofl$I BoTpacraer HPH HenpepbIBHoM BbI6pOCe B Te'IeFnIe 

50 neT io 607r. B 4aHHOM cnyae BCJIH'IHHa £10311 paa 20 M63p. 

I4HTepeCHBIM npeciaiiaeica cpaene CPCLLHHX BCJTI4'IHH 7703, $0pMHpy1OHHXCH 

aopyr T3C H A3C ogHHaFcoBoll MOLUHOCTH. [Jo £1aHHbIM pa6omi [18] cpewii o<uae-

Mall 4ceKTHBHaH 3ldBHBaJTeHTHan Ama OT rOJOBOFO Bblöpoca A3C M0LUHOCThEO 

1000 MBI(3J1.) C0CTBJI5ICT B paAllyCe 770 50KM 0,01 Mö3p 77MB peaicropa flIUB BB3P H 

0,07 M53p 7IJTE peai<iopa'fHna PMK. CpaBHeHHC )THX BCJIH 1411H C allaamilamimH 11oKa3ale- 
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J1$IMH uia T3C cBHteTerIbcTByeT 0 TOM, 110 pawiawouasr Harpyaka aa CICT BbI6pOcoB EPH 

TCtInoBI,IMH 3r1eKTp0craJ-IWIBMH, POT1012HM14 Ha yme, B 10-70 pa3 Bbiu.ie, leM 3a ciei BhL-

Opocoa or A:3C. Cne11yer orMeTliTh, 'ITO CBHCHHC BC COBCM ToqHoe: OHaeMbLe 1103b] 01 

BblöpocoB A3C pacc'irai iwtt OectcoHeqHoro nepHo/la BpCMOHH, T.e. 90 noxrnoro pacrraa 

pa11rIoHyKnHpoB, a Ao3a 01 T3C - liflifib 3a 50 ileT. KoppeKTHoe CPBBOHH /1103013bIx Harpy-

301< CBH1ICTCj1hC1BOBJIO Ou 013 eu3e Ooiiee CIIJThHOM PLW1W0HHOM B039thCTBIIII T3C Ha 

HaceneHMe, npOacHBaI011teC B pBHOHC PCHOflO)KCHF1$I CtRUHB. 

TaKHM O6pa3OM, MO)<HO C O4CB144HOCTbI0 yTnepIwam, 'ITO B YCJIOBHBX HopMarn.Holl 

paGomi BbIOpocbI renhioBbix JneKTpocTaHwIcI, pa6olafo[uHx Ba yrhie, O13yCIIaBrnIBa10T 3Ha-

4BTCIIbHO OoJmwee Bpe/lHoe B03pCcICTBHC Ha npoatouee EoKpyr mIX HaCCJTCH]le, 4CM 

Bbl13pOCb1 aroMHbIx JJICKTpOCTaHLIHII. 
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A REVIEW OF MAJOR LONG-RANGE 
TRANSPORT AIR QUALITY 
SIMULATION MODELS 
Summary* 

B.L. NIEMANN 
Office of Research and Development, 
United States Environmental Protection Agency, 
Washington, DC., 
United States of America 

Abstract 

A REVIEW OF MAJOR LONG-RANGE TRANSPORT AIR QUALITY SIMULATION MODELS: 
SUMMARY. 

Regional analysis of air quality and precipitation chemistry data in North America and 
Western Europe has provided strong evidence for the long-range transport and wet removal of 
sulphur pollution from high emission density areas. The inadequacy of local scale models to 
simulate sulphate concentrations and wet sulphur depositions in relatively pristine areas has 
led to the development of 'long-range transport (LRT) models'. The Clean Air Act Amendments 
and United States-Canada Memorandum of Intent on Transboundary Air Pollution have given 
considerable impetus to the development, evaluation and application of LRT models to national 
and international control strategies. While there are currently no 'guideline or regulatory' 
LRT models, they have been and are being used in preliminary assessments. The author, in his 
presentation, described the major LRT models, the development of so-called transfer matrices 
relating source and receptor areas, and the status of air quality and precipitation chemistry data 
bases for establishing baseline conditions and evaluating the models. The presentation also 
included an analysis of transfer matrices based on eastern USA, State and Canadian Province 
SO 2  emissions and their application to the issues of interstate and international transport of 
SO 2  and SO4 . 

DISCUSSION 

LM. TORRENS: What was the magnitude of the variance in the numbers 
of the transfer matrix as predicted by the different transport models? 

B.L. NJEMANN: The standard deviations over the five Phase-I model 
transfer matrices ranged from 00I to 6.83 kg-sha-a 1  per unit emission 
Tg-s-a', while the average transfer matrix coefficients ranged from 0.00 to 65 
in the same units. 

* The complete text was not submitted for publication. 
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G. HALBRITTER: What kind of meteorological data base is used for the 
trajectory models you presented? Is it simply a one-year data base involving the 
synoptic data of one selected year, or do you use the data from several years 
to obtain a representative year? 

B.L. NIEMANN: The trajectory models will use both 1978 and 1979 data for 
the model evaluation work, and then up to five years (1975-1979) of data to 
produce a representative transfer matrix. The annual average-type models use 
statistics based on ten years of meteorological data. The representativeness or 
variability of the meteorological periods used in both the trajectory and annual 
average models have been analysed using stagnation episodes, precipitation and 
temperature data as well as air quality and precipitation chemistry episodes. 

K.G. VOHRA: In applying models such as yours, it is important to consider 
variations in the transformation rate of S0 2  to sulphate which depends on other 
trace constituents in stack releases and ambient air. For example. SO 2  trans-
formation can occur at a very rapid rate when stack air mixes with urban air 
containing pollutants released by automobiles. Photochemical transformation 
of SO 2  in such conditions can be very much greater than when stack air mixes 
with clean air. 

B.L. NIEMANN: Your comment isjustified. However, the models described 
in the paper were applied to the simulation of regional SO 2  and SO4  and not 
individual plumes or urban sources. Some of the regional models used by the 
United States-Canada Work Group 2 take into account diurnal and seasonal 
variations in the SO 2  to SO4  transformation rate. However, the SO 2  to SO4  
chemistry is highly generalized in current regional models by using rate constants 
averaged over all sources and the relevant time and space scales. 
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DEVELOPMENT AND APPLICATION OF 
TERRESTRIAL FOOD-CHAIN MODELS TO 
ASSESS HEALTH RISKS TO MAN 
FROM RELEASES OF POLLUTANTS 
TO THE ENVIRONMENT* 

Stephen V. KAYE, F. Owen HOFFMAN, 
Laura M. McDOWELL-BUYER, C. Fred BAES 
Health and Safety Research Division, 
Oak Ridge National Laboratory, 
Oak Ridge, Tennessee, 
United States of America 

Abstract 

DEVELOPMENT AND APPLICATION OF TERRESTRIAL FOOD-CHAIN MODELS TO 
ASSESS HEALTH RISKS TO MAN FROM RELEASES OF POLLUTANTS TO THE 
ENVIRONMENT. 

The paper reviews development and application of mathematical models used to predict 
the terrestrial food-chain transport of pollutants of potential importance to human health. 
A distinction is made between models developed specifically for assessment applications and 
models which may function as research tools. Differentiation is also made between models 
whose Structure is based on steady-state relationships among food-chain compartments and 
dynamic models developed to simulate food-chain and pollutant kinetics. The strengths and 
weaknesses of these models are related to the needs of the model-user, the availability of 
relevant data for parameter quantification, and the feasibility for model validation. For 
assessment purposes, an Optimum level of structural complexity will be achieved when all 
parameters are readily measurable and predictive error due to unforeseen correlations among 
parameters is small. The optimum level of simplification, however, will be determined by model 
validation results and the ease of model implementation. Most examples are derived from models 
used to assess the terrestrial food-chain transport of radionuclides because assessment methodo-
logies for other types of pollutants are only at an early stage of development. It is concluded 
that current limitations in parameter quantification and model validation will probably restrict 
most assessment applications of terrestrial food-chain models to a type of screening calculation. 
However, once pollutant releases actually occur, environmental monitoring will be necessary 
to ensure that potential model misprediction does not result in unacceptable consequences. 

* Research sponsored by the US Department of Energy under Contract W-7405-eng-26 with the 
Union Carbide Corporation. 
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1. INTRODUCTION 

Terrestrial food chains, because of their dietary inputs to 
human populations, are of particular importance in the assess-
ment of health impact from pollutant releases to the environ-
ment. Transport through food chains may result in pollutant 
concentrations which exceed background or natural levels and 
thus increase the risk to human health. Although transport and 
bioaccumulation of pollutants occurs in aquatic as well as ter -
restrial systems, our attention is focused on the terrestrial 
environment because 1) the atmosphere is a major recipient and 
disperser of pollutant releases, 2) the application of toxic 
chemicals directly to terrestrial food products for pest control 
is wide spread, and 3) a major portion of the human diet is 
derived from agriculture. 

Terrestrial food-chain transport starts primarily with 
reactive gases or particulates that are readily deposited on and 
retained by vegetation. The deposition of potentially soluble 
pollutants onto soil may also result in food-chain contamination 
through incorporation of these pollutants into edible plant 
tissue through root uptake. Even for relatively insoluble p01-
lutants, the soil may function as a secondary source of pDllut-
ants in terrestrial food chains long after direct releases to 
the atmosphere or water have ceased [1,2,3,4]. When vegetation 
contamination has occurred, pollutants may then be available for 
direct human consumption or transported to food products derived 
from grazing animals. 

For the assessment of environmental or human health impacts, 
prediction of food chain transport is essential. Food-chain 
transport will not only affect the estimate of health risk to 
man, but it will also influence the assessment of compliance 
with regulatory standards and the determination of the relative 
importance of various pollutants. The determination of the 
relative importance of pollutants is especially critical to the 
evaluation of pollution abatement strategies, including site 
selection and decisions concerning alternative technologies. 

One very useful technique for assessing the consequences of 
food-chain transport of pollutants is through the development 
and application of mathematical models. Figure 1 represents a 
conceptual terrestrial food-chain model [5). A mathematical model 
quantifies the components of the food chain and their inter -
actions. In such a model, food-chain components are referred to 
as "compartments" or "state variables" and the interactions as 
"transfer coefficients." The transfer coefficients and any 
scaling factors which relate them to the state variables are 
referred to as model parameters. In a mathematical model the 
amount of a pollutant in one compartment may be predicted by 
defining the relationships between this compartment and all 
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MAN 

MILK 

VEGETATION 

SOIL 

FIG. 1. A concepra1 terrestrial food-chain model for the assessment of health risks to man 

and releases of pollutants to the environment (from Garten [5]) 

other model compartments and by defining the amount of pollutant 
input to the system. This predictive capability makes mathe-
matical models ideal tools for decision making in the assessment 
of pollutant releases to the environment. 

At Oak Ridge National Laboratory we have obtained a con-
siderable depth of experience with both the development and 
application of terrestrial food-chain models. The purpose of 
this paper, therefore, will be to review, within the framework 
of our experience, the types of models used in the assessment 
of nuclear and chemical pollutants. We will also discuss the 
strengths and weaknesses of these models and will recommend 
directions for future research to improve application of the 
models and to increase confidence in model predictions. A 
special emphasis will be placed on recommendations for the 
application and refinement of current models in situations, such 
as in developing countries, where available data are severely 
1 im i ted. 

TYPES OF MODELS 

2.1. Model Categories 

Although various classifications of models are possible, we 
recognize two basic categories of models developed to study the 
fate of pollutants in terrestrial systems: assessment models 
and research models. 
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2.1.1. Assessment Models 

The primary purpose for assessment models is to predict 
environmental concentrations of pollutants and associated health 
risks and thus serve as tools for decision making. In the 
absence of detailed data, assessment models may focus on only a 
few basic food types such as milk, beef and leafy vegetables, 
which comprise a major portion of the human diet and are con-
sidered major pathways of transport. In these models, under-
lying processes and mechanisms may be aggregated into general 
transfer coefficients that relate the concentration of a pollut-
ant in one compartment of a food chain to another. 

The predictions made by assessment models must be defensible. 
The model should accurately describe the system and be based on 
the most current knowledge of the system that it represents. 
Parameter values and model predictions should be capable of being 
validated through field testing. In the absence of results 
obtained through field validation, assessment models are often 
given an intentional degree of conservative bias to reduce the 
probability of underestimation. As will be discussed later, 
such a conservative bias is most useful for calculations 
designed to screen for pathways and pollutants that may be of 
potential importance to human health, regulatory standards or 
effluent design objectives. 

2.1.2. Research Models 

Research models often differ from assessment models in 
their objectives. Emphasis is often placed on the ability of 
the research model to simulate the processes affecting the 
behavior of the pollutant in the food chain rather than on the 
prediction of concentrations in foods of importance to humans. 
Thus, research models are usually developed at the process level, 
making them far more complex than is typical of assessment models. 

The ability to field.-test process-level parameters and model 
predictions is not as important a constraint for the development 
of research models. For the purposes of research, no efforts are 
made to include an intentionally conservative bias in model pre-
dictions. The development of research models may also not be 
constrained by the limitations of potential users. Therefore, 
adaptation of research models to assessments will usually be 
restricted to specific situations where assessment models do not 
exist or are not applicable, or when data are unavailable for 
quantification of key assessment model parameters. 

2.2, Model Approaches 

A variety of approaches can be taken in the development of 
terrestrial food-chain models. Basically, these approaches can 
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be classified into two general types of models: quasi-
equilibrium models and dynamic models. The quasi-equilibriun 
model is derived from the approach defined by the International 
Commission on Radiological Protection [6] as the 'Concentra-
tion Factor (CF) Method' for the assessment of radionuclides, or 
the "environmental commitment concept" for the assessment of 
environmental mercury [7]. These approaches are based on steady-
state relationships between food-chain compartments. Dynamic 
modelsfr  on the other hand s  are based on system kinetics. These 
models can be designed to explicitly address the time-dependent 
behavior of pollutants in terrestrial food chains. The approach 
represented by dynamic models is referred to by the ICRP as the 
"Systems Analysis (SA) Method." 

2.2.1, Quasi-Eiilibrium Models 

Quasi-equilibrium models assume that the concentration of 
pollutants in some compartments of terrestrial food chains are 
at steady state and concentrations in other compartments are 
changing with time. Maximum values occur either at the time of 
harvest or upon some pre-determined length of exposure of the 
terrestrial system to a continuously uniform or average rate of 
pollutant deposition. In an equilibrium situation, the sum of 
the rates of pollutants entering a compartnient are equal to the 
sum of the rates of pollutants leaving the compartment, i.e. 
the concentration of the pollutant in the compartment of refer- 
ence does not change with time (Fig. 2). Thus, the concentration 
in a given food product at equilibriuni is determined through 
simple multiplication, whereby: 

	

* 	* 

	

CB 	C/\  X P AB 	 (1) 

where 
* 
CD = the equilibrium concentration of a pollutant in a 

receptor food-chain compartment B, 

* 
CA = the steady-state concentration in a donor food chain 

compartment A, and 

the equilibrium concentration factor for the flow of 
pollutants between the donor A and receptor B food. 
chain compartments. 

The quasi-equilibrium model assumes that some compartments 
of the model may not be at equilibrium; therefore, the concen-
trations in these compartments are corrected for the differences 
between the value obtained at equilibrium and the value attained 
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FIG. 2. A simplified food chain model at equilibrium where CA and Cn are pollutant concen-
trations in food chain compartments A and B, PAB is an equilibrium concentration foclor, 
I( and K 2 are transfer rate Constants, MA and M 13  are compartment masses, and the system is 
exposed to a pollutant from a given source at a continuous flux q. 

at the time of harvest or at the end of a specified release 
period. Thus: 

	

CB(t) 	AB (1 
- e <2t) 
	

(2) 

where 

= the concentration of a pollutant in food-chain 
compartment B at time t subsequent to a continuous 
exposure to a pollutant, 

	

K 2 	the effective first-order rate constant for the 
loss of pollutants from food-chain compartment B 
(time'), and 

t = the time between initial exposure to the pollutant 
and harvest or the end of the release period. 

When the reciprocal of the effective rate constant JK2 1  is 
very large with respect to t, equation (2) is simplified to 

CB(t)CAXPABXK2Xt 	 (3) 

When K2' is very small with respect to t, equation (2) equals 
equation (1) and CB(t) equals C. Quasi-equilibrium models can 
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be reduced to a series of multiplicative chains, and calcula-
tions with these models can be readily performed by hand, or at 
least with the use of a hand calculator. 

2.2.1.1. Derivation of Concentration Facto 

Various methods are employed to derive equilibrium concen-
tration factors [7].  The simplest method is to ratio pollutant 
concentrations in food-chain compartments when these compartment 
concentrations are in equilibrium with each other. For example, 

* * 
AB = GB/CA 	 (4) 

Other methods for determining concentration factors include 
the use of ratios of pollutant concentrations in foodchain ccm-
partifients averaged over sufficiently long time periods, 

AB = CB/CA 
	 (5) 

and ratios of infinite time-integrated concentrations obtained 
from acute exposure situations, 

AB = ICB/ICA 
	 U 

The infinite time-integrated concentrations ICA  and IC5 can 
be estimated using kinetic information on the rate constants for 
the transfer of a pollutant from a donor to a receptor food-chain 
compartment and on the masses of these compartments 7]. Thus, 

ICA = 	CA(t)dt - 
	Qo 	 (7) 

IC 5  = 	CB(t)dt 	

K1Q 

- 	
and 	 (B) 

l<1MA 
(9) 

where the structure of the food chain is 

K1  K2  
S -> A -> B ------> C 

K3 
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K1, K2, and K3 are first-order rate constants, MA and MB  are 
compartment masses, and the system is exposed to a single pulsed 
emission from source S of mass Q. 

Experimentally, concentration factors are obtained most 
practically through either time-averaging or time-integrating 
measured concentrations in food-chain compartments. Equilibrium 
or steady-state relationships are observed mainly in controlled 
laboratory studies, but are difficult to confirm under field 
conditions. Kinetic data, such as rate constants, are typically 
derived only from situations following either an acute release 
of a pollutant or an abrupt termination of a prolonged release. 
Examples of the derivation of concentration factors using various 
methods can be found in reports by Ng et al. [8] and Saha [9]f. 

Uncertainties associated with the derivation of concentra-
tion factors from system kinetics are related to the potentially 
large temporal and spatial variability of rate constants 
obtained from acute contamination experiments. In situations 
where input and loss-rate constants and compartment masses have 
been determined independently, there is also uncertainty intro-
duced because of possible correlations among these parameters. 
In addition, equilibrium concentration factors are often derived 
from ratios of average concentrations of pollutants in soil, 
vegetation and animal-food products reported in the literature 
from unrelated references. For example, reported concentrations 
for a donor compartment of the food chain may be specific for 
completely different locations and time periods than are rele-
vant for concentrations reported for receptor compartments of 
the food chain. Many food-chain transfer factors listed for 
stable elements in quasi-equilibrium models developed for radio-
logical assessments have been derived in this manner {lO',ll]. 
The uncertainty associated with this method of parameter value 
derivation is also large because of the absence of correlations 
between donor and receptor compartments. When parameter values 
are so derived, it is easy to overlook situations that may 
result in significant bias in model predictions. 

In the absence of data on the transfer of specific pollut-
ants, concentration factors are often derived from collateral 
information on related substances having similar physical and 
chemical properties. The estimated behavior of long-lived 
radionuclides, for example, is often based on the known behavior 
of stable isotopes of the element. In addition to stable isotope 
analysis, chemical analogs are sometimes used to obtain an 
approximate estimate of transfer factors for radioactive and non-
radioactive pollutants [8,12,13]. 

Most of the quasi-equilibrium models currently in use are 
similar in structure to those developed for the HERMES computer 
code for the assessment of radionuclide releases [ 1 4]. At Oak 
Ridge National Laboratory, a similar model has been incorporated 
into the AIRDOS-EPA computer code [15] which combines food-chain 
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transport with atmospheric dispersion and dosimetry. Versions 
of this node] have also been developed for the assessment of 
non-radioactive pollutants [16,17]. In these models, equilibrium 
concentration factors have been generalized somewhat by implicitly 
expressing then as a function of numerous subparameters (Fig. 3). 

2.2.1.2. Limitations of Quasi-Equilibrium Models 

Quasi-equilibrium food-chain models have a limited scope 
of application. Predicted food-chain concentrations are maximum 
or steady-state values resulting from a chronic, uniform release 
of pollutants into the environment. For non-uniform releases, 
quasi-equilibrium methods can be used if sufficiently long 
averaging times are selected [7]. For acute releases, the use 
of quasi-equilibrium models will result in estimates of time-
integrated food concentrations, provided that average environ-
mental conditions are prevailing at the time of discharge. 
Modifications of concentration factors will be necessary, how-
ever, to account for conditions that may actually exist at the 
time of an acute release which may deviate considerably from the 
expected average [6].  Nevertheless, in those circumstances where 
changes in the rate of exposure to pollutants is important for 
decisions, models must be developed to account for the dynamic 
behavior of pollutants. This requires data on the time-dependent 
rates of biophysical uptake, transfer, elimination and chemical 
transformation of pollutants among the various interconnected 
compartments of terrestrial food chains. Quasi-equilibrium 
models are not suited for such calculations. 

2.2.2. Dynamic Models 

In order to improve the ability to predict the time 
dependency of pollutant transfer through terrestrial food chains, 
as well as to improve the state of knowledge about the flow of 
materials through ecological systems, recent emphasis has been 
on the development of dynamic models [21,22,23]. Dynamic models 
attempt to conceptually approximate the kinetics of a real 
system, The advantage of dynamic models is that they may be 
applied to any type of release (acute, intermittent, continuous 
or any combination of these). 

In their simplest form, dynamic models are based on first-
order kinetics with each input or loss term expressed as a rate 
constant multiplied by the concentration of a pollutant in a 
donor food-chain compartment. In this form, analytical solutions 
to the system of linear first-order differential equations are 
possible. However, as the expressions for individual transfers 
become more realistic, e.g. when the rate constants are replaced 
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by time-dependent or concentration-dependent functions, analyt-
ical solutions are difficult to obtain. Numerical solution 
methods must then be called upon to simulate the time behavior 
of pollutants in food chains. Since these methods require 
extensive calculations, the model in its most useful form 
becomes an algorithm coded for a computer. 

Dynamic terrestrial food-chain models have been developed 
as early as the late 1960s at Oak Ridge National Laboratory 
[24,25]. These were intended for the assessment of radiological 
impact resulting from either an acute or a chronic release situ-
ation, and were basically donor-controlled linear systems models 
(Fig. 4) composed of coupled first-order differential equations. 
Similar versions of this model have been developed for the ter-
restrial food-chain assessment of DDT and DDE [26] and of cad-
mium [27]. The rate constants developed for the input and 
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elimination of pollutants from each food-chain compartment of 
these models are time-invariate. 

The present state of development of dynamic food-chain 
models for nuclear assessments emphasizes the time dependence of 
the entire system to account for radionuclide daughter buildup 
with time, seasonal effects, and time-dependent rate constants 
requiring numerical solutions [28]. Terrestrial food chain 
models having similar objectives are being developed in the 
United Kingdom [29]. Dynamic food-chain models for non-nuclear 
assessments are also being developed to account for pollutant 
dynamics during food-chain transport and to simulate their 
behavior in the absence of empirical data derived from field 
observations [30]. 

Practically all food-chain models developed at the process 
level for research purposes are dynamic, as their objective is to 
mathematically simulate the behavior of pollutants in terrestrial 
systems as realistically as possible [21].  A linear model can be 
only an abstract conceptual approximation to the kinetics of a 
real system. In reality, terrestrial system kinetics will vary 
continuously over time as a function of diurnal and seasonal 
changes in the physical environment as well as changes in the 
abundance, distribution and composition of biota. In addition, 
terrestrial system kinetics may vary as a function of distance 
and direction from the point of release. The most realistic 
mathematical model, therefore, is a system of partial differen-
tial equations with coefficients varying as joint functions of 
time and location. 

2.2.2.1. Limitations of Dynamic Models 

The primary limitation associated with the development of 
dynamic models is the difficulty in obtaining appropriate data 
for quantifying model parameters. in most cases measurements 
have not been performed to determine the rate constants and 
transfer functions needed to simulate the dynamic behavior of 
pollutants in terrestrial food chains under temporally and 
spatially varying conditions. Even for simple linear systems 
models, values for rate constants must be ultimately determined 
from a time series of measurements. To obtain parameter values 
relevant to the assessment of acute releases, this time series 
of nmeasurements must be repeated temporally and spatially. 
The experimental requirements to produce relevant dynamic trans-
fer coefficients for even moderate-sized terrestrial food-chain 
systems may be orohibitively large depending on how the model is 
to be applied [31]. 

In the absence of kinetic data, input rates to compartments 
are sometimes derived from concentration factors and estimated 
elimination rates [251. For example, the uptake rate coefficient 
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for milk of a cow, T 
,c 
 (n 2 /-day), was defined for the terres-

trial food-chain model depicted in Fig. 4 as 

r 
 g,c 	Geq 	milk 	

(10) 
 

where 

C 
eq eq /G 	= equilibrium nuclide concentration ratio of milk 

to grass, and 

mi1k = excretion rate from the udder of a milk-producing 
animal. 

Thus, 
Tg 

c is constant for a Constant elimination rate. This 

method of parameter derivation is subject to the same sources of 
uncertainties affecting derivation of the equilibrium concentra- 
tion factor. In addition, values obtained for the concentration 
factor and excretion rate may not be representative of comparable 
conditions. 

For dynamic models initially developed as research tools, 
the experimental determination of individual transfer coefficients 
for the assessment of a given pollutant may be impractical. This 
is because dynamic process-level models often are dependent on 
parameters that cannot be readily measured in the field without 
undue manipulation of the system. Also, with an increasing 
number of compartments or state variables within the model, there 
is an increasing need to measure all parameters simultaneously, 
otherwise important information on correlations between transfer 
coefficients will not be included in the model. Without speci-
fication of parameter covariance, increasing model complexity 
will increase the sensitivity of model calculations to error 
propagation [32,33]. The difficulties encountered in obtaining 
pollutant-specific data through simultaneous measurements for 
parameters used in a process-level model of the type illustrated 
in Figure 5 can be readily appreciated [34]. 

Because of the limitations associated with data acquisition 
for detailed dynamic process-level models, some have proposed 
restricting model development to readily measurable variables 
even though such variables may include an aggregation of several 
apparently distinct mechanisms. This proposal is based on the 
argument that at bgst, any model can only hope to be an cthstrac-
Lion of reality. Therefore, when the formal structure of the 
model is reduced to include only the flow of pollutants between 
readily measurable major compartments of the terrestrial system, 
correlations among the various processes will be included 
implicitly in parameter measurements. This should improve the 
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predictive capability of the model for situations similar to 
those in which parameters have been measured. Enhancing the 
ability to measure parameters under field conditions should also 
improve the ability to field test or validate model predictions 
which is a most desirable step in determining the true utility 
of assessment models [35,36]. 
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3. APPLICATION OF TERRESTRIAL FOOD-CHAIN MODELS IN ASSESSMENTS 

3.1. Screening for Important Pollutants and Pathways 

Realizing that quantified predictions are based on simpli-
fying assumptions and generalizations of more complex real-world 
systems, a useful application of terrestrial food-chain assess-
ment models is to screen for potentially important pollutants and 
pathways. Screening is usually performed as a part of a pre-
liminary assessment. Typically it involves comparison of conser-
vatively biased model predictions with established acceptable 
limits of pollutant concentrations in foods or exposures or doses 
to man. 

Conservatism is employed to decrease the probability that 
model predictions will result in an underestimation of actual 
food-chain concentrations. Thus, when a predicted concentration 
is below a certain limit, the pollutant and pathway usually can 
be considered of negligible importance [37,38]. However, pol-
lutants and pathways predicted to result in food-chain concen-
trations that encroach upon or exceed limiting values can only 
be designated as poten -ial7.j important until further analysis 
of model assumptions and existing data or additional research 
can be conducted to improve the accuracy of model predictions. 
This means that in some cases ecologists and other environmental 
scientists will have to perfect better techniques than are 
presently available for measuring rate processes in the environ- 

ment [39t. 
Conservatism for screening purposes may be assigned to the 

model structure, the selection of parameter values, and/or the 
application of a safety factor to either model predictions or 
established limits [37]. The amount and type of conservatism 
applied for screening will be dependent on the level of under-
standing of the pollutant in terrestrial food chains, the quality 
of available data, and the history of model validation. The 
degree of conservatism will also be related to the actual or 
perceived health risk associated with potentially exceeding an 
established limit. Thus, the greater the level of knowledge 
about the pollutant in a specific terrestrial system and the 
lower the health risk associated with exceeding a limit, the 
lesser is the amount of conservatism required for screening 
(Fig. 6). 

Model validation studies will be useful to determine the 
extent of the conservative bias in model predictions and to 
identify possible situations where potential underestimation can 
be avoided. Once model validation has determined the degree of 
overestimation associated with conservative bias, efforts can be 
directed at increasing the accuracy of model predictions. Model 
validation of screening models will also serve to place an upper 
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bound on predictive uncertainty. Thus, if validation indicates 
that a screening model does not overpredict by more than a certain 
quantity, predicted food-chain concentrations exceeding limits by 
more than this amount would be immediately implicated as unaccept-
able. Without validation, further research and evaluation would 
be required prior to the final designation of unacceptable food-
chain concentrations. 

Sometimes process-level models are proposed for screening 
calculations. These situations most frequently occur when the 
actual behavior of the pollutant in terrestrial food chains is 
not well understood and when relevant parameter values and model 
validation results are lacking. The presence of a complex mathe-
matical structure in such a situation presents an aura of model 
realism that may appear to produce more defensible results than 
models having a less complex structure [40].  However, unless 
available data and validation results can justify the need for 
increased complexity for screening purposes, the assumption of 
increased defensibility with increased structural complexity may 
be unwarranted. 

Screening models associated with a sufficient degree of con-
servatism will be most useful for calculations performed for pol-
lutants, pathways and locations that do not have an extensively 
developed base of data. The use of such models to evaluate the 
significance of pollutants released from industrial and agricul-
tural operations in developing countries will enable an efficient 
identification of situations requiring more detailed analyses and 
expenditures of resources to improve the accuracy of preliminary 
predictions. Here in the United States of America, for example, 
screening models are essential for evaluating potentially hazard- 
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ous chemicals under the Toxic Substances Control Act of 1976 [41] 
because data on the toxicity and behavior of each of the thousands 
of specific chemical species that must be considered are simply 
not available. 

For the assessment of radionuclides, a quasi-equilibrium 
model using generic default transfer factors is being published 
by the International Atomic Energy Agency for use as a tool in 
screening for radioisotopes and pathways resulting in doses to 
critical groups of the population that approach pre-selected dose 
limits within one order of magnitude [20].  The development of 
this model was specifically intended for use by developing 
countries that may not have access to relevant data for use in 
assessment calculations. For screening of other pollutants of 
potential concern to human health, Dacre et a]. [37] propose the 
application of models utilizing a series of equilibrium concen-
tration factors. 

Although all types of models used for assessment and research 
purposes can be adapted for screening calculations, it is our 
experience that models are most successful for screening when they 
are easily implemented by individuals not directly related to their 
development. Usually, calculational procedures are not extensive 
and the data base includes generic default parameter values for 
use in the absence of site-specific information. A crude calcu-
lation will be entirely acceptable for screening purposes if 
resultant concentrations are well below established limits. 

3.2. The Use of Models for Optimization of Releases 

Another application of assessment models is to optimize 
pollutant release rates to levels considered as low as reasonably 
achievable. Optimization therefore involves a comparison 
between the benefit gained in terms of reduced health risk and 
the societal cost required to achieve this reduced risk [ 4 2]. 
Terrestrial food-chain models developed for optimization calcula-
tions would be used to justify the costs encountered to reduce 
pollutant releases and to compare health risks related to pollut-
ants discharged from alternative types of industrial or agricul-
tural practices. 

Screening models have limited applicability to optimization 
calculations because conservative overestimates of pollutant 
concentrations can grossly mislead decisions, resulting in poten-
tially unwarranted financial costs or unnecessary dismissal of 
potentially viable technologies. For optimization, unbiased 
predictions are preferable to conservative estimates. The 
achievement of unbiased model predictions, however, requires 
knowledge of predictive uncertainties. In the absence of such 
knowledge, models developed for optimization often employ "best 
estimate" or average values for parameters derived using the 
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judgment of the model developer or the model user. These judg-
ment estimates also may result in miseading conclusions without 
some indication about the possible uncertainties, because best-
estimate values may incorrectly predict actual conditions pre-
vailing in a given assessment situation. 

Uncertainties associated with model predictions are best 
determined through model validation studies [43,44,45]. Unfor-
tunately, only limited validation for a few pathways and radio-
isotopes has been performed for radiological assessment models 
[36,46,47], with no known validation having been performed for 
the assessment of non-nuclear pollutants. Nevertheless, the 
extent of model validation required before models can be reliably 
used will be directly related to the degree of accuracy expected 
of model predictions (Fig. 7). Therefore, present optimization 
evaluations are limited by uncertainties associated with the 
judgment used to derive "best estimate '  or "expected value" pre-
dictions for specific pollutants and food-chain pathways. 

Sometimes, in the absence of model validation, process-level 
models are proposed for optimization calculations because of the 
apparent realism in model structure. Again, as with the applica-
tion of such models for screening, the usefulness of process-level 
models is limited because of their complexity, the magnitude of 
data requirements, and sensitivity to error propagation. Further-
more, as discussed previously, validation of these models is dif-
ficult or impractical. Given the current state of model valida-
tion, predictions made with process-level models serve to provide 
a formalized viewpoint about the possible behavior of pollutants 
in terrestrial systems that at least can be compared with the 
results of other types of model formulations. 
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4. DIRECTIONS FOR IMPROVEMENT 

4.1. Quantification and Reduction of Predictive Uncertainties 

Emphasis on future model improvements for the assessment of 
pollutant transport in food chains is being placed on the quanti-
fication and reduction of predictive uncertainty [48,49,35]. The 
use of screening models will facilitate identification of pollut-
ants and pathways requiring models with improved predictive 
accuracy. It is our contention that only through more aggressive 
efforts to validate terrestrial food-chain models will desired 
improvements in predictive accuracy be realized. 

Model validation represents actual field testing under the 
range of conditions that a model may be intended for use [43,44]. 
Model validation will therefore be expensive and time-consuming. 
The trade-off between an aggressive validation program and no 
validation is the difference between the cost required to identify 
model uncertainties and the risks involved with predictions whose 
uncertainties are either unknown or grossly over-conservative. 

In the absence of results from model validation, some 
investigators have attempted to analyze predictive uncertainties 
using analytical and numerical techniques for simulating the 
propagation of error in terrestrial food-chain model predictions 
due to the variable nature of model parameters [50 - 54]. 
This approach enables a model to produce a range of predictions 
with a distinct frequency distribution rather than just a single 
value. Figure 8 illustrates an example of such an error propa-
gation analysis for the transport of 131 1 over the pasture-cow-
milk pathway. Error propagation techniques by themselves, how-
ever, can only provide an estimate of predictive imprecision [44]. 
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The departure of predicted values from real-world concentrations 
of pollutants in terrestrial foods remains unknown without field 
testing, although it is conjectured that real-world values should 
be encompassed by the range of predictions produced through error 
propagation [6]. 

For quantifying predictive uncertainty, model validation 
offers the possibility to identify both bias and imprecision when 
combined with error propagation techniques. Reduction in predic-
tive uncertainty can be accomplished through model validation by 
calibrating model predictions with observations. Calibration of 
predictions with observations is most justified when there is a 
high correlation between predictions and observations. A poor 
correlation between predictions and observations indicates the 
need for improvement of model structure or in the determination 
of key parameters. However, even when poor correlations predomi-
nate, model predictions may still undergo calibration to assure 
a sufficient margin of conservatism for screening calculations. 
Nevertheless, such models should only be applied within the realm 
of environmental and ecological conditions tested through valida-
tion studies. Extrapolation of model predictions beyond this 
realm is extremely dangerous when predictions exhibit poor cor-
relations with observations, especially when the bottom line is a 
certain degree of health risk. 

4.2. Iprove Sitpific Assessment Capability 

Further reduction in predictive uncertainty can be expected 
with improved capability for site-specific assessments. Current 
terrestrial food-chain models contain parameters whose values 
may be readily determined for a specific site, such as standing 
vegetation bioniass, the bulk density of surface soil 1  and some 
aspects of cattle management practices [10,16,20]. But in general, 
pollutant-specific transfer factors or rate constants cannot be 
determined for a specific site without extensive monitoring or 
experimental investigation. At present these transfer factors or 
rate constants have been derived from the global literature and 
aggregated for major food categories such as vegetables, milk 
and meat. The variation of these parameters with plant and animal 
species or breeds, agricultural practices, soil characteristics 
and climatic regimes has not been determined for most types of 
pollutants. 

A considerable amount of site-specific experimentation can 
be avoided if it is possible to correlate pollutant-specific 
parameters with easily measurable environmental variables such as 
soil p1-I, temperature, biomass, etc. For radionuclide assessments, 
correlations with a few environmental variables have been developed 
for isotopes of strontium and cesium [55,36]. However, development 
of data to permit derivation of such relationships requires a large 
investment in specifically designed laboratory and field research. 
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Improving the site-specific capability of assessment models 
will also require improved knowledge of human dietary habits for 
specific locations. Currently, health risks are typically 
assessed by combining predicted food concentrations with rates of 
food consumption by humans corresponding to reference diets 
assumed to represent average or maximally exposed individuals 
[56,10]. The relevance of these assumed diets to specific situ-
ations may contribute to assessment uncertainty; however, deter-
mination of regional-specific or locational-specific dietary 
habits may be difficult because of rapidly changing trends in 
future market practices [57]. 

4.3. Consideration of Model Simplification 

An additional consideration for future improvement of ter-
restrial food-chain assessment models for assessment purposes is 
the achievement of an optimum level of model simplification. 
Usually, the "best" model for a given assessment will be the model 
that is easiest to use and which produces results within an accept-
able degree of accuracy which address the questions asked of the 
model by the model-user [45].  The degree of "acceptable accuracy" 
will be determined by the results of validation studies and the 
risks associated with over-or underestimating the impact to 
human health. 

Simplification should be most achievable for models used 
for screening calculations because of inherent conservatism. 
However, if an extensive series of validation tests has been 
performed, it may also be possible to simplify models developed 
for optimization calculations through calibration of model pre-
dictions to observations. For most situations within the realm 
of our experience, many complex model formulations appear to be 
more suited as research rather than assessment tools because of 
deficiencies in available data and difficulties involved with 
achieving further improvements in the data base. Nevertheless, 
these models may still have utility for guiding experimental 
studies and obtaining valuable insights on pollutant behavior 
and potential pollutant bioaccumulation. 

Additional structural complexity inevitably will be required 
to increase the flexibility of terrestrial food-chain models for 
site-specific assessments. For the sake of practicality, however, 
it may be advisable to maintain structural simplicity with the 
dependencies of parameters on site-specific and pollutant-specifc 
characteristics being considered external to the model that is 
used for assessments. Thus, simple transfer factors or rate 
constants may actually be derived from tables of data and more 
complex model formulations that are kept separate from the basic 
assessment model. Site-specific models consisting of few para-
meterSforimportant pollutants and pathways should be more 
amenable than more complex formulations to validation studies 
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conducted under conditions of high temporal and spatial varia-
bility because of reduced demands on simulataneous parameter 
measurement [36].  For assessment purposes, an optimum level of 
structural complexity can be envisioned when all parameters are 
readily measurable and the possibility of predictive error due to 
unforeseen correlations among the parameters is small. The opti-
mum level of simplification, however, can only be determined on 
the basis of results gained through model validation and the ease 
with which the model can be implemented. 

CONCLUSIONS 

The primary purpose for the development and application of 
terrestrial food-chain models in the assessment of pollutant 
releases to the environment is the prediction of human health 
impact. Most of the examples we have used in this paper have 
been taken from models applied for the assessment of radionuclides 
because formal assessment methodologies for other types of p01-
lutants are still at an early stage of development. Models used 
in assessments have been designed to produce quasi-equilibrium 
or dynamic predictions; however, both model types suffer from 
limitations in parameter value determination and validation. 
Because the determination of parameter values is highly dependent 
on empirical derivation, extrapolation of model predictions to 
locations, time periods and chemical species of pollutants for 
which data are not available must be exercised with due caution. 
Furthermore, model predictions are inherently limited by the 
information available for determination of model structure and 
parameter values. A model cannot be expected to provide better 
information than was put into it. The limitations in parameter 
quantification and model validation will therefore probably 
restrict most uses of terrestrial food-chain models in assessments 
to a type of screening calculation. Potential for misprediction 
exists each time a model is applied to a new situation, regardless 
of the results of past validation experiments. Therefore, there 
will always be a need to implement environmental monitoring pro-
grams to ensure that potential model misprediction does not result 
in unacceptable consequences once releases of pollutants to ter-
restrial food chains actually occur. 
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DISCUSSION 

J. SCHWIBACH (Chairman): I fully agree with you about the importance 
of environmental measurements. One problem here is that in many cases even 
good results from environmental surveillance programmes cannot be used to 
improve model parameters because such measurements are not aimed primarily 
at checking the individual steps of the calculation but are a final check on the 
calculated environmental effects. However, if the end result is good perhaps we 
should not worry too much about parameter uncertainties. 

F. GIRARDI: I also feel that data uncertainty is one of the major problems 
in modelling and that experimental validation of model results should be carried 
out when possible. However, this is rarely possible in long-term consequence 
analyses. We have found it useful in such cases to treat the data uncertainty in 
the model in the following way: probability distribution functions are assigned 
to each variable of interest and the propagation of the uncertainty is studied either 
by analytical models or by Monte Carlo simulation. Do you have any experience 
of such methods and what do you think of their use when validation of the results 

of models proves difficult? 
S.V. KAYE: We have in fact performed Monte Carlo simulations to try and 

determine the uncertainties associated with the predictions, as can be seen from 
Fig.8 of the paper. Our approach was to examine and evaluate the world's 
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literature for each parameter to ensure that our measurements were taken with 
the proper instruments, that they represent equilibrium values and so on. We 
then took the values which were acceptable and used them to generate a distribu-
tion. In Fig.8, the milk-to-air concentration ratio for 1311  is simulated by Monte 
Carlo computations and the data in the distribution generated using the methodology 
described above. One of the main problems which arises when attempting to protect 
health and calculate risks is deciding on the criterion to be used. The choice of 
limiting value depends on whether the aim is to protect 997r, of the people or 
simply the average person. The difference between the two values is a factor of 4, 
which indicates the difficulty of the questions which we must ask ourselves. The 
answers are just as difficult to find because the modeller often has to decide which 
values to use in his predictions. 

The other type of evaluation performed by us is model validation for which 
field measurements have to be taken. The main limitation here is knowing the 
source term, i.e. the release to the environment which was the origin of the 
pollutant being measured. It is often hard to link the concentration in the receptor 
compartment with the source term. 

Y. NISJ-IIWAKI: I should also like to add a comment. Cost-benefit analysis 
or risk-benefit analysis may be useful in designing industrial facilities or drawing 
up certain regulatory measures, but they might well give rise to difficulties if used 
in the context of public acceptance in Japan. When different groups of people 
perceive risk and benefit in different ways, the result may well be social conflict, 
which, if it escalates, increases the overall risk to society. Environmental protection 
in Japan, therefore, is based largely on the principle of keeping adverse effects 
within the range of fluctuation of similar effects which occur naturally. 
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Abstract 

ST tIDIES ON THE EFFECTS OF ATMOSPHERIC CONTAMINATION DUE TO FOSSIL-FUEL 

(TOMBIJSTION IN JAPAN. 
Epidemiolugical studies have been conducted since 1961 to investigate health effects of 

sulphur dioxide in industrial areas of Japan where fossil-fuel power stations are located. The 

dose-response relationship between prevalence rates of chronic bronchitis and sulphur dioxide 

was established. Various efforts have been made to reduce the concentrations of sulphur 

dioxidc in the atmosphere. Consequently, the annual value of sulphur dioxide concentrations 

estimated by the national network of air pollutant measurements decreased from the peak 

value of 0,09 ppm in 1967 to 0.0 17 ppm in 1976. However, the atmospheric concentration 

of nitrogen dioxide estimated by the national network indicated an annual value of 0.022 ppm 
in 1968, but the annual value in 1978 was slightly increased to 0.027 ppm. The average concen-

tration tended to increase gradually. It was therefore considered important to study the health 

effects of nitrogen dioxide. In six different areas in Japan with varying atmospheric eoflcefl-

trations of nitrogen dioxide, an extensive epidemiological survey was conducted with 12717 

school-children 6 to 12 years old during the period 1979 to 1961. The prevalence rate of 

asthma was estimated to be 4.7% for males and 2.1% for females in the high NO2 concentration 

* Honorarprofessor der Universität Wien, Inst itut für rnedtzinisehe Physik; on leave 

from Atomic Energy Research institute of Kinki University, Osaka, Japan. 
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area, and 1.9% for males and 0.9% for females in the low NO2 concentration area. For asthma 
like symptoms, 12.2% for males and 11.9% for females was observed at the high NO 2  concen-
tration area, and 7.1% for males and 5.9% for females in the low NO2 concentration area. The 
basic principle of environenta1 protection is to keep the adverse effects of pollutants to an 
insignificant level or within the fluctuation range of the naturally occurring similar effects. 

The natural radioactivity from fossil-fuel power plants as well as risk benefit comparisons 
are also discussed. In decision-making on environmental protection and safety, it should be 
carefully considered whether a reduction of one type of risk might increase another type of 
risk or whether a heavy burden on industries to reduce one type of risk might create another 
type of risk in society, based on a basic principle of 'risk versus risk'. Not only the risk-reduction 
industries but also the construction and operation of the risk-reduction system may not he 
completely riskless. The well-balanced overall safety of snciety may be better achieved by 
promoting harmony within society rather than by increasing conflict between the risk groups 
and the benefit groups. 

INTRODUCTION [1-8] 

In the 1 7th Century, some cases of damage to vegetation by poisonous 

effluents were first reported in Japan in connection with copper, silver and gold 
mines. The adverse effects of smoke poison on human health were first reported 

in about the 18th Century. At the tirne,these problems were considered to be 
local ones associated with small-scale primitive local industries. Since large-scale 

industrialization began about a century ago, the combustion of fossil fuels in 

various industrial facilities has given rise to a number of serious cases of atmospheric 
contarhination in industrial urban areas which affected a large number of people. 

The air pollutant from industrial processing and fossil-fuel power plants may 
include fly -ash, certain hydrocarbons in the particulate group,and sulphur oxides, 
nitrogen oxides, carbon oxides, ozone, and various other organic compounds, 

trace metals and naturally occurring radioactivity. It was also noticed in earlier 
times that the interactions among pollutants were important and depended on 
their chemical nature and quantity as well as such physical features as temperature, 
wind strength and direction, mixing depth, topography, distance from sources, 
concentration, etc. 

After the Second World War, industrialization, urbanization and motorization 

developed very rapidly in Japan, and the socio-economic situation has greatly 

changed in recent years. Japan is densely populated and about 60% of the total 
population is concentrated in the urban areas. Various industrial facilities are also 

established in urban areas or in their surroundings. The atmospheric contamination 
in these industrialized areas therefore rapidly deteriorated since the latter half of 
the 1960s, and the environmental problem has become a serious national social 

problem. Measurement of atmospheric contamination and epidemiological surveys 
have been conducted since the mid-l960s in different parts of Japan, for which 

the standardized questionnaires of the British Medical Research Council were 
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I-'JG.I. Correlations between the preaience of chronic bronchitis and sulphur oxide 
precipitation (measured by the Pb02 method). The orerall air pollution may be represented 
by the major pollutant sulphur oxides, and] mgsuiphur oxide per 100 cm 2  day may correspond 
to about 0.03 to 0.035 ppm in this case. 

mainly used. As a result of these studies, a clear dose-response relationship was 
observed between the prevalence rate of chronic bronchitis and the concentration 
of atmospheric contamination with sulphur oxides as reference. An example of 
such a relationship is shown in Fig. I which was quoted from the report by 
Tsunetoshi et al. 161 (and see Ref. [8]). 

As a measure to prevent environmental contamination, the Basic Law for 
Environmental Pollution Control was passed in August 197. The Air Pollution 
Control Law was established in August 1968 for the prevention of atmospheric 
contamination. The Environmental Quality Standard for Sulphur Oxides was 
established in February 1969, followed by standards for carbon monoxide, 
nitrogen dioxide, suspended particulate matter and oxidants. As a result of these 
regulatory measures the concentration of sulphur oxides, which were the major 
contaminants in the 1960s, was greatly reduced in the 1970s. However, the 
atmospheric contamination level of nitrogen dioxide, suspended particulate matter 
and other contaminants did not seem to decrease significantly despite various 
regulatory measures. 

Under these conditions, it is extremely important to collect the results of 
epidemiological surveys, thus providing basic data which may be useful in 
establishing preventive measures against various atmospheric contaminants. 
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TABLE 1. AMBIENT AIR QUALITY STANDARDS, JAPAN (taken from Ref. Ill) 

Substance 	 Carbon monoxide 	
Suspended partIculate' - 

	Nitrogen drcrxiSet 	
Photochemisal 

mailer 	 . 	risidonis 
__- 	 ---I--.—..  

Environmental I Daily average of 	Daily -average vi 	Dad) averade at hourly 	Daily average of hourly - Hourly values 

Cranditirins 	hourly values shall 	hourly values 	values shall not exceed 	valuOs shall he within 	shall not exceed 

not exceed 0.04 	shull not exceed 	3.10 mg,itt' and hourly i ThC rouge between L04 	thob ppm. 

ppm, and hourlY 	-lb ppm, aed 	values sisal] not e outed - ppm and 0.06 ppm on 

values shall riot 	aseraCO of Itoitily 	1620 iugiitr - 	 Odors - 

exceed 0.1 ppm - 	values in eight 	 - 

ionseoU live 

hours shall not 

exceed 20 ppm. 	 - 

Measuring 	Cvnduorotrtecrio 	Nnndixpersivr 	Weight concentratrtsn 	t:rlrrriittetry eittptr> ing 	Ahsnrptrrrmrrry 

methods 	nreihrrd 	 in(rared unaly ret 	measuring rnethsrils 	Salteman reagent : .arth 	using neutral 

method 	 - based on filtration 	Salieman's osieffic - one 	prrraxsiurn ardole 

collection, or light 	being 0.04) 	 srrlaiLonu ca 

scar tering meth oil 	: 	 coulrirnet ry 

yielding values having a 

1 linear relation with the 

values of the aboro 

_____ 	
[method  

Notes: 	I 	Suspended particulate matter shall mean arihrrrne particles of 10 rnr:tonn or less in diameter. 
Pheiochemival rixidants aye oxidining subsianoes such as oaone and paroxiuueiyl nitrate y'crdvced ho photochemical 
maclions (only thrive capable of isolating irrdrne from nearral pniassrunt iodide, excluding nirr gee dioxide) 

3 	a) 	In an atea where the dad) average 01 hourly values exceeds 006 ppnr. ellorts should hr wade ill achieve the level Sri 

0.Oh ppm by IOu). 
hI 	In an area where the daily average of tautly values is mOtile the range between 0,04 p pm and Oolh ppm. eitrrmts 

should he wade sri that the uirrbient ooncentiarion he maintained around the pioxent minI within the range sri nor. 
sigoilicatitly exored the previrir level. 

ci 	Not only emission c votrvl measurer against individual xrrurces but also other various runtetrraersates should he 
mnplvmenied in an retegrate0, eltectise and upprrmpriair rmiannrr in order to rxaielain it achieve hr artrhreni alt 
qoalily standard. 

.. AIR QUALITY STANDARDS IN JAPAN II 51 

'rhe Air Quality Standards of Japan are based on the Basic Law for Environ-
mental Pollution Control. They are the standards which are considered desirable 
for the health of the people and are administrative targets. i.e. they are to be 
revised and updated from time to time, on the basis of scientific judgement if 
necessary. The standards are established for SO 2 , CO. suspended particulate matter 
(SPM). NO 2  and photochernical oxidants, as shown in Table I. 

The Air Quality Standards for SO1. established in February 1969, are as 
follows: daily average of hourly values shall not exceed 0.05 ppm and hourly 
values shall not exceed 0.2 ppm. However, scientific findings on health effects 
of SO have gradually accumulated since then and it was considered that the SO 
concentration should be further reduced by intensifying emission control of 
sulphur oxides. In May 1973 the standards were revised as follows: daily average 
of hourly values shall not exceed 0.04 ppm and hourly values shall not exceed 
0.1 ppni. 

The Air Oualit -v Standards jr CO were established in February 1970 because 
of the increase in CO emission due to motorization. They stipulated that daily 
average of hourly values shall not exceed 10 ppm. and average hourly values in 
eight consecutive hours shall not exceed 20 ppm (Table I). 
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The Air Quality Standards for SPM were established in May 1973 as follows: 
with respect to the weight of an airborne particle of 10 jtm or less in diameter, daily 
average of hourly values shall not exceed 0.1 mg'm 3  and hourly values shall not 
exceed 0.2 mg'm 3 . The chemical composition of the particles is not considered 

in the standards. 
The Air Quality Standards for NO 2  were established in May 1973 as follows: 

daily average of hourly values shall not exceed 0.02 ppm. At that time, there were 
very few scientific findings on health effects of NO R . For the prevention of 
hazards, the above strict standards were therefore established, taking into account 
a large safety factor based on scientific judgement. After some time, a sufficient 
number of findings on health effects of NO 2  had been obtained, and in July 1978 
the standards were revised as follows: daily average of hourly values should range 
between 0.04 ppm and 0.06 ppm or below. 

There is a considerable regional difference in the NO 2  contamination level. 
It was therefore considered administratively appropriate for each region to establish 
its own target, according to the respective NO 2  contamination level of each region 
To allow for this difference in contamination level between regions, the concept 
of a range was introduced in the NO 2  concentration limit. Because the effects 
of NO 2  cannot be specified by a point but may be better expressed as a range, 
it was considered appropriate to express the concentration limit as a range. 
Where the background level is high, the higher limit may he used as an adminis-
trative target for environmental protection, and where the background level is 
low, the lower limit may be used. 

The Air Quality Standards for photochernical oxidants were established in 
May 1973 as follows: hourly values shall not exceed 0.06 ppm. 

In addition, for the prevention of photochemical air pollution, the following 
guidelines for hydrocarbons were issued by the Government in August 1976: 
the average value of concentration of non-methane hydrocarbons for three hours 
between 6.00 am. and 9.00 am. should he in the range from 0.20 ppm C to 
0.31 pprn C. The three hours from 6.00 am. to 9.00 am. may correspond to 
the time of maximum hourly value 0.06 ppm of photochemical oxidants. 

3. RECENT STATE OF AIR POLLUTION IN JAPAN AND COUNTER-
MEASURES [1,2,8] 

3.1. Sulphur oxides 

Measurement of SO 2  concentration began in 1965 at general air pollution 
monitoring stations. Measurement time of 6000 hours or more per year is called 
tfectiie measurement value. In 1979. effective measurement values were obtained 
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at 1 532 stations in 590 cities. The changes in annual average, maximum and 
minimum concentrations of SO 2  were measured at 15 general pollution monitoring 
stations, located at heavily contaminated areas, which have been continuously 
measuring SO 2  concentration since 1965. 

The annual average concentration of SO 2  reached the highest value of 
0.059 ppm in 1967 and thereafter gradually decreased to alow value of 0016 ppm 
in 1979. The difference in concentrations measured at different stations also 
decreased. 

Reduction of SO 2  air concentration may be ascribed to the effective control 
of various SO emissions. The Emission Standards specified for one facility have 
been in effect since 1968,   and the Regional Emission Standards for multiple factories 
located in heavily polluted areas became effective in 1976. The enforcement of 
these emission standards led to various measures being taken to reduce SO 2  
emissions, and it was estimated in 1978 that more than 75% of the total sulphur 
would have been removed prior to emission. 

3.2. Nitrogen oxides 

Nitrogen dioxide concentrations have been measured by general air pollution 
monitoring stations. Effective measurement values of NO 2  were obtained at 1080 
stations in 500 cities in 1979. 

Emissions from automobile exhausts were measured by automobile pollution 
monitoring stations. The effective measurement values of NO 2  were obtained at 
205 stations in 112 cities in 1978. The changes in annual average, maximum and 
minimum concentrations of NO 2  were measured at 15 monitoring stations in 
continuous operation since 1970.   The changes in annual average concentrations 
of NO 2  were also measured at 26 automobile exhaust monitoring stations in 
continuous operation since 1 971. No remarkable changes in average concentrations 
were observed in these measurements but there was a tendency to gradual increase. 

In the general air pollution monitoring stations, higher concentrations 
exceeding the upper limit of NO 2  air quality standards (0.06 ppm) were observed 
at 46 stations (4.6%) in 1979. The stations were located in the Tokyo Bay area 
and in Osaka prefecture. Of the automobile pollution monitoring stations, 
higher concentrations of NO 2  exceeding 0.06 ppm were observed at 77 stations 
(40.57() in 1978. 

Nitrogen monoxide was also measured on a scale almost comparable with 
NO 2 . However, the changes in annual average concentrations were observed to 
tend to decrease at the general air pollution monitoring stations as well as at the 
automobile pollution monitoring stations. The sources of nitrogen oxides are 
various: stationary sources such as fossil-fuel power plants, factories, etc.; 
mobile sources such as automobiles, aircraft, ships, etc.; domestic sources such 
as cooking, heating, etc. 
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Emission standards for NO for soot- and smoke-generating facilities were 
enforced in 1973, and the restrictions on NO emitted from automobiles also 
took effect at the same time. NO control is gradually being intensiticd, It is 
now considered that regional pollutant standards should be enforced in the near 
future, in six regions with high concentrations of NO 2 : Tokyo, Osaka, Yokohama, 

Nagoya, Kita-Kyushu and Kobe. 

3.3. Carbon monoxide 

The major source of carbon monoxide is the exhaust gas of automobiles. 
The automobile pollution monitoring stations measured CO at 297 stations in 
133 cities in 1978. The general air pollution monitoring stations obtained 
effective measurement values of CO at 200 stations in 167 cities in 1979. 
CO concentrations are also gradually decreasing. The control of CO concentrations 
in automobile exhaust gas began in 1966 and was gradually intensified. At present, 
the CO concentration is reduced to less than 1/10 what it was before the 
introduction of exhaust control. 

3.4. Photochemical oxidants 

The effective measurement values of photochemical oxidants (OX) concen-
trations, excluding NO 2 , have been obtained at 899 stations in 460 cities. 
Oxidants are produced by photochemical reaction and may depend on meteoro-
logical conditions to a large extent, but there has been a decrease in recent years. 

The main product of photochemical reaction is ozone, but there are others 
such as peroxyacetyl nitrate (PAN) and aldehydes. Although oxidant concen-
trations have decreased in recent years, there are some uncertainties about the 
effects of photochcniical reaction products such as PAN and aldehydes, and it 
was thought necessary to conduct further studies and surveys on their effects. 

Control of photochemical oxidants means the control of NO X  and hydro-
carbons which may be considered major causes of photochemical oxidants. The 
control measures of NO X  are described above. The control of hydrocarbons 
emitted with the exhaust from automobiles began in 1970. The hydrocarbons 
from stationary sources are not controlled by Government regulation but by the 
local community through emission controls associated with measures for the 
prevention of offensive odour. 

Hydrocarbons in the atmosphere have been measured (in connection with 
photochemical air pollution) by the general air pollution monitoring stations and 
the automobile exhaust monitoring stations. The concentrations of non-methane 
hydrocarbons were measured at 210 stations, but most of the annual average 
concentrations measured at these stations exceeded 0.3 1 ppm C, which is the 
upper limit in the guidelines on non-methane hydrocarbons given by the Central 
Council for Environmental Pollution Control in August 1976. 
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3.5. Suspended particulate matter ISPMJ and other substances 

Effective measurement values of SPM were obtained at 226 stations in 
105 cities in 1979. Of these stations, 180 79.6) were observed to have higher 
concentrations than 0.1 mg'n1 3  of SPM, which is the value given in the Environ-
mental Air Quality Standards. The amount of dust-fall is gradually decreasing. 

Chemical components in airborne particles have recently been measured 
at major national monitoring stations. They include sulphate and nitrate radicals, 
heavy metals such as vanadium, bcnzo(a)pyrene, aluminium, barium, etc. Control 
of emission of particulate matter from all industrial facilities has been conducted 
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since 1968. Control of black smoke from diesels began in 1972. Control of 
chemical components included in SPM and the investigation of their health 
effects are, however, still the subjects of discussion. 

4. STUDY ON HEALTH EFFECTS OF AIR POLLUTiON IN SIX AREAS 
[5 13] 

This section introduces the results of an epideiniological investigation from 
June 1 979 to March 1981 on the health effects of air pollution on schoolchildren. 

4.1. Materials 

The epidemiological investigation was based on a total of 12 7 17 school-
children in six areas with varying degrees of atmospheric pollution in different 
parts of Japan. 

Seiken and Kashiwazato are industrial areas of Osaka City where large and 
small factories are concentrated. Iharaki is a densely populated commercial area 
in the north-eastern part of Osaka prefecture. Nishiura is a residential district 
in the rural area of the south-eastern part of Osaka, where the population is 
rapidly increasing. Akoh is a local city with a population slightly over 50000: 
it is in the southern part of Hyogo prefecture. facing the Inland Sea of Seto, 
and is a commercial and residential area. Saito is a small city with a population 
of slightly over 30000. It is in an agricultural area in the central part of Miyazaki 
prefecture. The relative positions of the six survey areas are shown in Fig.2. 

Figure 3 shows the trends in annual average concentrations of SO 2  and Fig.4 
shows the trends in NO concentrations for the six areas. A considerable difference 
in the degree of air pollution can be seen among these survey areas. The SO 2  
concentrations in Seiken and Kashiwazato were quite high until several years ago 
and the NO concentrations are also high there. The NO 2  concentration in Sci ken 
is always so high that the area is considered one of the five worst in Japan. 

As a result of these observations. Seiken and Kashiwazato were considered 
to he heavily polluted areas. Akoh and Saito, with a low level of SO 2  and NO2. 
were considered low-pollution areas, and Ibaraki and Nishiura were considered 
moderately polluted areas. 

4.2. Method 

Questionnaires were based on those of the Environment Agency of the 
Japanese Government, which were based on the standard questionnaires of the 
Epidemiology Standardization Project of Ferris et al. [9. 10] in the USA. and 
adapted for the purposes of this study. 
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FIC.3. Trends in annual arerage concentrations of SO2 in the six surrey areas (ppb = parts 

per billion, where 1 billion = 10
9 ), 

The questionnaires were distributed via the schoolchildren to their parents 
for completion and were returned within one week. Omissions and re-entries 
were checked as far as possible by re-investigation. By a combination of items 
in the questionnaire the health conditions were classified into three categories: 
healthy, asthma and wheezing. Those in the healthy group were without any 
pathological findings in heart and/or lungs and without any medical history 
thereof. The asthma group was based on the definition of the American Thoracic 
Society and was confined to children who had one attack or more during the 
previous two years. The flow volume curve recorder STM-81-N (Chest Corp.. 
Tokyo, Japan) was used for respiratory function test 11 . This instrument can 
record simultaneously maximum expiratory flow volume (MEFV) curve and 
spirogram. The test was repeated until a curve with good reproducibility was 
obtained. From this curve forced vital capacity (FVC) forced expiratory volume 
(FEV) in 0.75 seconds, peak expiratory flow-rate (PFR), maximum expiratory 
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flow rate at 50% and 75 1/c FVC (V 50 . V,) were read off. The read-off values 
were converted to the values at body temperature, atmospheric pressure, vapour-
saturated (BTPS) condition. An immunological serum IgE test was conducted, 
with ultrasensitive sandwich-type enzyme immunoassay, by Ishikawa et al. [12]. 

The children who received IgE tests were those with respiratory symptoms 
and one who volunteered for the test. Prior consent of the parents had been 
obtained. 

For the survey of individual exposure to NO 2 , a film-badge type NO 2  personal 
monitor devised by Yanagisawa 13] was used. The monitor is based on the 
principle that a filter containing 20% triethanolamine absorbs NO 2  which diffuses 

through layers of hydrophobic fibre filters. The badges were worn by the children 
or placed in the playground for one week and recovered for measurement of 
absorbed NO2. 
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4.3. Results 

The questionnaire recovery rate was higher than 97.7 1/c,- and the effective 
respiratory function measurement rate was higher than 96.5%. In the prevalence 
rates for asthma and wheezing a difference was observed between males and 
females, as shown in Table II. The prevalence rates for males was higher than 
those- for females, the ratio of male value to female value being 1.9 for asthma 
and 1.25 for wheezing. The prevalence rates for asthma were more than 2.4 times 
higher and the prevalence rates for wheezing more than 1.7 times higher in the 
heavily polluted areas than those in the low-pollution areas. The prevalence rates 
for asthma and wheezing as a function of age are shown in Fig.5 for the areas 
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of different levels of pollution. For all age groups, the prevalence rates were 
higher in the heavily polluted area than in the low and moderately polluted 
areas. However, no significant differences were observed between the low-pollution 
and the moderate-pollution areas. 

The measurement of immunological serum IgE concentrations were conducted 
for the asthma group and the wheezing group. For the asthma group, higher values 

than 300 i,u./mltr were observed in 857r (83.7-100%) which is quite a high 

percentage, with 59 17o (56.4-75%) for the wheezing group, which is a lower 
percentage than the asthma group. However, no significant differences were 
observed between the different areas. 

According to the results of respiratory function tests for males and females, 
the asthma group showed the lowest value, the wheezing group the intermediate 

value, and the healthy group the highest value. 
In Fig.6, the respiratory function values (%FE V 0 , 	FEV0 , 7 /FVC X 100%) of 

the three symptom groups in five areas are shown. Some difference can be seen 
between the three groups with the lowest values in the asthma group. There were 

some differences between the areas. For the healthy and the wheezing groups, 
the lowest value was observed in the high-pollution area and the highest in the 
low-pollution area. These differences were considered statistically significant. 
For the asthma group, no significant regional difference was observed. It may 
be considered that the validity of classification into three symptom groups based 
on the questionnaires is supported by the results of immunological serum IgE 
tests and respiratory function tests. 

Indoor air pollution may be considered a domestic environmental factor. 
Passive smoking by schoolchildren and the indoor combustion of fossil fuels 
have been examined. Passive smoking by schoolchildren was considered positive 
(+) when there was even one smoker among those who live together and negative 

(—) when there was no smoker in the house. Indoor combustion of fossil fuels 

was classified as either clean or dirty, according to the method of heating. 
Dirty applies to a house where a method of heating that causes indoor 
air pollution is used. Clean applies to a house where a clean method of heating 
which does not cause indoor air pollution (e.g. an electric Stove or central heating) 
is used. 

The results of these surveys indicate (see Fig.7) that the prevalence rates 
for wheezing have a tendency to increase owing to passive smoking and dirty 
indoor combustion. Since some effects of indoor air pollution on the wheezing 
group were observed, these effects on the wheezing prevalence rates were further 
studied with respect to the areas of different levels of air pollution. The results 
are shown in Fig.8, which shows that the wheezing prevalence rate is the lowest 
(4.5%) in the low-pollution area and when there is no smoker in the family and 
clean heating, while it is the highest (13.3%) in the heavily polluted area and 
when there is a smoker in the family and dirty heating. From these results it 
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seems possible that the wheezing prevalence rates would he influenced net only 
by the general atmospheric pollution but also by indoor air pollution. 

The individual exposures to NO were measured by the simplified personal 
NO 2  monitoring badge. The period of investigation was not the anic I or different 
areas and the period of room-heating in different areas was not surveyed. Therefore. 
a comparison of the data between different areas would not he significant. but a 
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comparison of the data on personal exposure to NO 2  in the same area between 
ditTcrcnt types of heating was made. The NO 2  exposures of schoolchildren from 
a house with dirty heating tend to he higher than those with clean heating. This 
tendency is especially clear in the low-pollution area of Akoh. The difference 
due to passive smoking was not clear. No significant difference was observed 
between the iu-symptoms group and the asthma and wheezing groups. The results of 

NO 2  exposure, as given above, might have been obtained because the survey was 
made during winter in order to note the effects of indoor heating. 

The relative positions of the six survey areas (Fig.2) are quite different, and 
the period of room-heating may also be different between Saito in the south and 
Akoh and other areas in central Japan. 

5, DISCL'SSION AND CONCLUSIONS 

The health effect.s of SO 2  and NO 2  have been emphasized in this paper. 
However, as explained in the Introduction, a number of other pollutants are also 
released to the environment by combustion of fossil fuels :  one of the most 
important of which is the natural radioactivity in fossil fuels. 

5.1. Natural radioactivity 18. 14--8 

Coal has been known to contain traces of uranium which have been absorbed 
on the carbonaceous material during remote geological periods. The size of this 
deposition depends not only on the availability of coal and uranium but also on 
the presence of a medium by which the uranium can be brought in to contact 
with the coal bed. Uranium concentrations may therefore differ considerably 
among individual coal deposits. Oil is a carbonaceous material which may also 
absorb uranium. 

Table III show the natural radioactivity in ash of coal and coal-oil mixture 
obtained from Japanese power plants nearly 20 years ago. It was requested that 
the data should not be published at that time because of the very sensitive attitude 
of the Japanese population towards radioactive contamination of the environment. 
The coal mines in central and southern Japan, from which the samples of coa] 
were obtained, were closed down more than ten years ago. A large fraction of 
coal consumed in Japan is at present imported. The annual coal production in 
Japan is about 10 X 10 6  t, of which 6 X 10 6  tare coking coal and 12 X 10 6  t 
steam coal, The average ash content of coking coal is about 7.5 8%, with the 
lowest value 6Y and the highest 9%. The average ash content of steam coal 

is about 20 1/,-. with the lowest value 9 17r and the highest 35%. 
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TABLE III. NATURAL RADIOACTIVITY IN ASH OF COAL AND COAL-Oft 
MIXTURE OBTAINED FROM JAPANESE POWER PLANTS [8. 15 171 

Radioactivity 
(Bq - kg' ash) 

Pb-210 Ra-226 	Ra-228 Th-228 

Coal-ash a 

Central Japan 7.3 X 102 3.7 	 0.43 5.7 X 102 

Southern Japan 3.0X 102 36 	 17 87 

Northern Japan 3.9 X IO 23 	 54 15 X 102 

Coal-oil: a 

Mixed ashb 24 	120 35--40 	37-77 44-76 

a Samples received nearly 20 years ago from Japanese power plants. 
b Received as ash from fossil-fuel power stations where both coal and oil are used, but 

the exact proportion of coal and oil was not identified. 

Not. In the UNEP report ERS-1 —79 the following assumptions are made for release 
conditions based on the report by McBRIDE, J.P., et al., Nuci. Saf. 19 (1978) 497: 

The coal contains I ppm U and 2 ppm Th; 
Ash release is 1%; 
Rn-220 is produced from Th-232 in the combustion gases at the rate of 
5.1 X 	Bqs 1 -kgTh; 
The annual release of natural U is 23.2 kg and of Tls-232 46.4 kg; 
15 seconds are required for the gases to travel from the combustion chamber to the 
top of the stack; 
Releaseper I000MW(e)'4 1 : U-238 chain (Ra-226, Pb-210, etc.) 3 >1 10 8  Bq - a'; 
Th-232 chain (Th-228, Ra-228, etc.) 1.9 X 108  Bq a'; U-235 chain 1.3 X 10 Bq 
Rn-220, 1.5 >11010  Bqii'; Rn-222, 3 >1 10 °  Bq - a'. 
(Converted to SI units) 

Radioactive analysis of Japanese coal has recently been attempted at the 
Radiation Centre of Osaka prefecture and other institutes in Japan. Some 
preliminary results are as follows: 

(a) U and Th content in coal, estimated by activation analysis: 

	

U: 	5.3 ± 0.1 ug'g t  (66.6 Bq'kg') 

	

Th: 	16 ± 0.5 Mgg'  (66.6 Bqkg') 
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The values in parentheses are the radioactivity in ash, assuming radioactive 
equilibrium and no loss by combustion. 

(b) Results of -spectrometry of the daughters of the same sample: 

U series: 	Pb-214 —66.6 ± 3.7 Bqkg ash 
Bi-214 --66.6 ± 3.7 Bqkg ash 

(Some of the gaseous Ra daughters in the U series might have escaped 
immediately after combustion.) 

Th series: 	Ac-228 —70.3 ± 7.4 Bqkg' ash 
Pb-212 -.. 70.3 ± 7.4 Bqkg' ash 
Tl-208 —21.83 ± 1.48 Bqkg' ash 

Since the coal samples and the time and method of measurement are different, 
a direct comparison of these results with the results in Table III may be difficult. 
The radioactivity of Th-228 in coal-ash in central and northern Japan in Table III 
appears to be quite high. We must,however, take into consideration the possible 
concentration of radioactivity at the time of ashing. In the above preliminary 
analysis the average concentration ratio may be assumed to be about 5, but in 
general it may depend on the content of ash, the mode of combustion and the 

type of coal. 
Table IV lists some of the natural radioactivity in coal and ash reported by 

different authors as well as the specific radioactivity ratios (ash/coal). It may be 
noted that the very fine particles which go through the dust collector may adsorb 
radioactivity and tend towards higher radioactivity. However, the radioactivity 
released from both fossil-fuel and nuclear power plants is small under normal 
operating conditions and below the maximum permissible limits of ICRP, as 
pointed Out in the 1977 UNSCEAR report [28]. It should be noted that, on the 
average, a member of the world population receives a whole-body dose of about 
1 mSva' from natural radiation and about 0.5-0.8 m S v . a_i from man-made 
sources (medicine, nuclear explosions, power production, etc.) at present, of 
which less than 0.01 rnSva is due to radiation from coal and the nuclear power 
industry. 

5.2. Comparison of risks [8, 14-31 

It is clear from the above that the effects of chemical pollutants such as SO 
and NO from fossil-fuel power plants would be much more significant than 
those of radioactivity. For reference, the hazard indices of SO N , NO  and radio-

activity are given in Table V. 
The differing nature of the hazards make it difficult to compare the possible 

hazards due to chemical effluents from fossil-fuel plants with those due to radio-
active effluents from nuclear power plants. Even though some quantitative 



TABLE IV. NATURAL RADiOACTIVITY IN COAL AND ASFI FROM POWER PLANTS AND RELATIVE RATIO 
OF SPECIFIC RADIOACTIVITY (ASH/COAL) [8. 14 •-271 	 0 

Radio nuci des 
Coal 
Bqkg') 

Dust collector inict 	Radioactivity ratio 
(Bq kg ° 	 (ash/coal) 

Ash 

Dust collector outlet 	Radioactivity ratio 
(Bq kg') 	 (ash/coal) 

Tb-i 28 

Tli-23 2 

R a-26 

Pb-2 10 

Po-2 U 

K-40 

25,9 935i 

8.5 

24 

3.7 

14.8 48.I' 

3 

25 

23 

31 

15 

89 

778 

SI 

107 

51.8--1 70.2 k  

130 

371) 

SI 

85 I 

148 

1036 

I 88.7 2849 

4.2 

95 

4.5 

6.0 

1.5 7.7 k  

4.1 

14 

2.1 

37 

4.9 

45 

0.87 

104 122 

77.7 1 77.6 

107 

122 218 

37 

51.8 	170.2 h  

21)1) 444 

159 629 

14(16 

741) 

1554 

188.7 . 

5.1) .58° 

.2 5.3 k  

5.1 .9.1 °  

JO 

1.5 775 

6.3 14'  

0.4 2 5' 

6 I 

68 

11.87 355 

7 

Depend on type of coal, mode of combustion type of dust coileclor, and size distribution of the particulate matter, but the very fine 
particles that go through the dust collector may adsorb radioactivity and tend to lugher radioactivity. 

Highest and lowest values are given based on Indian data. Ash content is reported to be about 25%, The radioactivity ratio was calculated 

based on individual corresponding values, and the ranges are indicated. Whether the values of ash arc at the inlet or outlet of the dust collector 
is not mentioned in The original report and therefore the same values are given in both the inlet and outlet columns of the table. 
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TABLE V. HAZARD INDICES ]Q/MPC1 OF SO AND NO FOR 1000 MW(e) 
FOSSIL-FUEL IOWER PLANTS COMPARED WITH THOSE OF 
RADIOACTIVITY (in 109 m 3 ) [ 15--181 

Type of power plant 	 SO 	 NO 	
Radio- 

(SOy + NON) 	
activity 

Coal-fired power pl an ta 

1.owei estimateC 4,23 X 10 2.39 X i 0 6.62 X 1 p 5  110 

Higher estimate 19.6 X ip 3.59 X 1O 14.2 X IO 700 

Oil-I red power plant 

Lower estimateb 1.42 X 1 p 5  2 19 X 10 1  3.61 X 10 5  2 

Higher estimateC 3.56 X i p 5  3.3 X 1 0 6.86 X 10 5  8,0 

Nuclear power plint' 

Lower estimate •- 0.3 

Higher estimate - 49 

a Airborne effluents given in UNEP ERS- 1-79 [ll] are used as the value of Q  (in t/ 1000 MWe) . a) 
SOx: 1.1 X 10 (coal), 3.7 X 10 (oil): 

NOx: 2.7 X 19 (coal), 2.48 X 1 p4  (oil); 
CO: 2 X 1 p 3  (coal), 7.1 X 1 p2  (oil); 
Hydrocarbons: 4 X 102 (coal), 4.7 X i() 2  (ou): 
Aldehydes: 2.4 X j02 (oil): 
l'articulates: 3 X i() 3  (coal), 1.2 X 10 3  (oil). 

IS 
Higher ambient air quality standards given in Table I are assumed as MPC values. 

Lower ambient air quality standards given in Table I are assumed as MPC values. 
d The overall hazard index 

v=•' 	Qj 

(MPC) 

for rad:oactivities is based on Ref. [18]. The hazard index is the volume of air necessary 
to dilute the airborne effluents, Q.  down to the MPC. The hazard indices of radioactivity 
for fossil-fuel power plants are based only on the natural radioactivities released by 

combustion of fossil fuels. MPC values are based on ICRP reports. The average values of 
hazard indices for LWRs are estimated to he about 7-8 in this case. 

Note: At standard conditions (25 'C and 760 torr), ppm by volume may be converted into 
gm 3  by the relationship: 

- iü (ppm) (molecular weight of pollutant) 

24,5 
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TABLE VI. COMPARISON OF EQUIVALENT RISKS UNDER DIFFERENT 

ASSUMPTIONS 

A. Average risk of 10 person-days loss per year in 1% of the population corresponds to: 

Average risk to population: 

9.1 X l0 equivalent deaths per year 

if we assume the average number of years remaining to the population to be 30 years 

l.l X iü days), 

Average risk to individuals: 

3.7 X 10-6  equivalent deaths per year 

if we assume the average life span of the individual to be 75 years (2.7 X I0 4  days). 

B. Average risk of 10 occupational person-days loss per year in 1 1/o of the occupational 

population corresponds to: 

Average risk to occupational population: 

1.7 X 10 occupational equivalent dealhs per year 

if we assume the average number of working years remaining to the population to be 

20 with 300 working days per year, then 6000 lost working days would be equivalent to 

one occupational person-death. 

relationships have been established between the effects and the contamination 
levels for various types of pollutants, it may still be difficult to make direct 
comparisons between the different types of risks. For instance, one type of hazard 
might result in a non-fatal immediate public nuisance to a large percentage of 
population, while another might be fatal in the remote future, though with a very 
small probability of occurrence. For these reasons, Nishiwaki et al. pointed out 
in 1970 [8] that it is necessary to establish some basic philosophy of 'risk versus 
risk', or a basic principle with which to weigh one type of risk against another. 

One of the very preliminary examples of comparing stochastic fatal risks 
such as cancer and leukaemia due to low-level radiation with other types of risks 
such as bronchitis, asthma or wheezing due to exposure to non-fatal levels of 
chemical pollutants may be introduced for a hypothetical case. We assume that, 
on an average, about 10 days sick leave per year would be necessary because of 
health hazards caused by non-fatal levels of chemical pollutants. and that such 
cases were observed in about 1% of the exposed population with an average 
number of remaining effective days of life of about 1 0. 
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If we further assume that io person-days lost in this population would 
correspond to one equivalent life lost, then the average risk of the chemical 
contamination level which causes a loss of 10 person-days per year in 1% of the 
population would be 10-  per year. If we use the average lifespan instead of the 
average remaining days of life, this value of annual risk would be reduced by a 
factor of 2 to 3. In the case of occupational risk, one death is usually assumed 
equivalent to 6000 lost person-days of work. If we use this value, the estimated 
risk would be correspondingly higher. In Table VIequivalent risks are calculated 
under different assumptions. 

According to the 1CRP, the stochastic risk due to ionizing radiation is 
estimated to be about 10-2  per sievert, i.e. the average risk of 10 5  per year may 
be considered to correspond to I mSva of exposure to radiation, which is 
comparable to the acceptable level of risk and complies with the dose-equivalent 
limit for individual members of the public. 

It seems to be extremely important to establish basic principles with which 
to compare the risks with high probability and low consequences and the risks 
with low possibility and high consequences. If we consider the risk of hereditary 
effects (which may appear in remote descendants quite scattered in space and time) 
due to prolonged irradiation of a large population with a relatively low dose-rate 
by fallout and the direct immediate risk of atomic bombing of densely populated 
industrial urban areas, it may also be necessary to have some principle to weigh 
diluted risk and cuncentra Lcd risk with respect to time and space. 

5.3. Risk of risk reduction [8, 30, 32, 331 

The basic principle of 'risk versus risk' may also be applicable to the 
optimization of environmental protection and safety. If the risk associated with 
a certain industry is larger than that associated with the risk-reduction measures, 
the application of such risk-reduction methods may be justified. However, if the 
risk associated with the risk-reduction measures becomes higher than the risk to 
be reduced, the application of such risk-reduction methods may not be justifiable. 
For instance, in a specific industry, if one applies additional filters, tanks, piping 
systems, valves, etc., for environmental protection and safety, the risk of that 
particular industry may be greatly reduced, but if the risks associated with the 
industries producing the risk-reducing equipment becomes higher than the risks 
of that particular industry, the overall risk to society may be increased. 

The basic principle of cost-benefit analysis or risk-benefit analysis seems 
difficult for some people in Japan to accept because the perception of risk and 
the perception of benefit are often quite different among different groups of 
people, and thus social conflict may increase. If social conflict increases, the 
social risk may also increase rather than decrease. The procedures for quantifying 
health effects in monetary terms have often been questioned in discussions on 
safety. It may therefore he important to base the optimization of environmental 
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protection and safely on social harmony, taking into consideration not only 
technical, economic and social factors but also socio-political and socio-
psychological factors. 

Cost-benefit or risk-benefit analysis is an important basic principle required 

by spccialists in commercial transactions, in engineering design, in drawing up 
regulatory measures, or in the operation of an industrial facility. Cost-benefit 

analysis and optimization are often made intuitively by businessmen. however, 

the idea of weighing the risk of human life against the benefit to industries for 
justification of a certain level of risk to the public may not he easily accepted by 

the people. In such cases. if it is explained that the excess investment on safety 
may increase the overall risk to society based on the principle of iris k versus 
risk', people may much more easily understand a situation where a certain level 

of risk may he unavoidable in society. 

Whether the reduction of one type of risk might lead to an increase of 
another type of risk, or whether a severe restriction of one type of pollution 
might increase another type of pollution, or whether a heavy burden imposed 
on industries to reduce one type of risk might create another type of risk in 

society, are possibilities that must he carefully considered by decision-makers 
on environmental protection and safety. 

In assessing the risk of risk-reduction equipment industries, all the risks would 
have to he considered, including not only those of the industry directly producing 
the equipment but also those associated with the raw tuaterial industries. For 
instance, if the equipment is made of metal, the risks associated with mining, 

transport and production of metal must he included, in addition to the risks to 
the industry and time transport of the cud produc N. 

According to Black and Niehaus [30]. the specific risk of producing safety 
equipment is estimated to he about 3 X I (12  equivalent deaths or 180 equivalent 
lost person-days of work per million US S of equipment. This suggests that the 

expenditure on safety at marginal costs of risk reduction higher than US S33 million 
per equivalent life saved would actually lead to an increase in risk, and that the 

total risk cannot be reduced below any given limit. The total risk may first decrease 
effectively with a small investment on safety, but after reaching a minimum it may 
he expected to increase again with the excess investment on safety. Not only the 

risk-reduction industries but also the construction and operation of the risk-

reduction system may not he completely riskless. 
In the nuclear industry, almost every part may be more or less related to 

safety, and it is difficult to distinguish exactly the safety from the non-safety 

parts. The rate of accidents may depend not only on the equipment, but also on 

the workmanship at all levels of manul'acture as well as the skill of the operators 

in the field, and may vary from one case to another. Therefore, it is difficult to 
estimate a universally applicable value of the specific risk to industries. However, 

for the construction of nuclear power stations in Japan, the specific risk may he 
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estimated as less than 102  equivalent deaths per million US S or about one order 

of magnitude smaller than the above value in some cases. 
According to an expert in the Japanese Ministry of Transport. although it 

may he quite different in different types of engineering, the minimum point of 

risk may be about the order of I O and therefore if the risk is reduced to this 

level one may be justified in using the term 4absolutely safe' in the ordinary 

sense of the words used by the general public in daily life. However, these risks 
associated with various industries may tend to decrease with the development 

of automation technology and improvement of workmanship, and would therefore 

be a function of time in general. 
When the resources allocated for safety are limited, it would he important 

to consider optimizing the distribution of financial resources for the most 

effective way of achieving overall safety. If too much money is spent to reduce 
only one particular risk, the other risks with much higher probability of occurrence. 
which could be reduced effectively with much less expenditure, may not be 

reduced suft'iciently owing to shortage of money. In such a situation, the overall 
risk to society may be increased by undue over-emphasis of only one particular 
type of risk. It is therefore important to ensure that people have the proper 

feeling for safety. corresponding to the relative magnitude of the objectively 
estimated risks, especially for decision-making [321. 

Justil'ication of a certain level of risk based on the 'risk versus risk' principle 
and harmonization of the safety system with social benefit may be important in 

achieving the well-balanced overall safety of society. 

5.4. Risk and benefit 18, 29. 33. 341 

When the term 'risk' is used. the meaning may have to he guessed from the 
context. There are many different types of risks; natural and artificial, oceupauonul 

and non-occupational, voluntary and involuntary, enjoyable and unenjoyahie. 

individual and social or public, acceptable and unacceptable, etc. Depending on 
the types of risks, their perception by the individual would be quite different and 
their public perception and acceptability would also he different. If these factors 
are ignored, it may be difficult to obtain public acceptance of a risk [34. 

Whatever the meaning of 'risk' may be, it may not be easy to define a level 
of risk which alone could be accepted Lmnconditionally by the public. The risk 

may be considered acceptable by a person if a greater benefit is received by the 

same person. What is called acceptable risk or accepted risk seems to he the level 
of risk to which people arc accustomed and at which they do not worry about 

the risk, particularly if the level of risk is not too high to tolerate. Even in these 

cases, it is questionable whether people really 'accepted' the risk without any 

benefit or without any conscious or subconscious consideration of the 'risk versus 
risk' principle. 
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If people very much like doing something, they will do it despite the high 
risk (voluntary, enjoyable and acceptable risk, for example motorcycling by 
young people). If people dislike something, they will not accept it despite 

the low risk (non-voluntary, unenjoyable and unacceptable risk, such as the 

objectively low but subjectively very high risk of nuclear energy perceived by 
anti-nuclear people). Judging by these two extreme cases, it seems that the strong 

positive perception of benefit may play an important role in the public acceptance 
of new technology, such as motorcycles or nuclear energy. However, the image 
of fear of the unknown and the confusion of peaceful uses of nuclear energy with 

the fear of and anxiety about nuclear weapons must first be eliminated by effective 
public education and unprejudiced information. Public acceptance is an increasingly 

important constraint to be considered by those responsible for technological 
policies. 

In view of the difficulties in public acceptance of the concept of cost-benefit 
or risk-benefit analysis when the benefit groups and the risk groups are different, 
the basic principle of environmental protection in Japan seems to be based on the 
administrative goal of keeping the adverse effects of environmental contamination 
or pollution to an insignificant level or within the fluctuation range of the naturally 
occurring effects of a similar type [33]. 
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Abstract 

ASSESSMENT OF LONG-TERM EFFECTS OF CO 2  AND 14C: VARIOUS ENERGY 

SCENARIOS. 
Anon-linear model for the global carbon cycle has been developed and applied for 

prognostic assessment of concentrations of CO 2  from the combustion of fossil fuel and of 
radiocarbon released from facilities of the nuclear fuel cycle. The model is boilt up from 
two boxes for the atmosphere (stratosphere, troposphere), three boxes for the ocean (mixed 
surface layer, deep sea and sediments), and two boxes for the biosphere (short- and long-lived 

hiota) with non-linear troposphere-hiota and troposphere-ocean surface layer exchange rates 
and linear fluxes between the other reservoirs. Two different models are used for the man-made 
reduction of the biornass: (a) no deforestation function, and (b) slightly growing deforestation 
function. The biota growth factor, the exchange of the atmospheric CO 2  with the ocean and 
the pre-industrial atmospheric CO 2  content were adapted to agree with the records of the 

atmosphrric CO 2  concentration in Mauna Loa, the Suess effect until 1954, and the dynamic 

response to the 14C from nuclear weapon tests. The three scenarios considered are: (1) annual 

energy growth rates of 271c and 4%, no nuclear power; (II) an upper, lower and medium estimate 
of replacement of fossil fuels by nuclear power. In addition, two assumptions concerning the 
decontamination of 14C in the nuclear power plant effluents were made: one in which 14C is 

released completely, and one with a decontamination factor of 4. Assuming logistic source 
functions for the increase of fossilfuel combustion and an exponential growth of nuclear power 
until the year 2020, by around 2100 the CO 2  concentration of the troposphere will reach 
concentrations twice to five times as high as the pre-industrial level. Various environmental 
effects of this increasing CO 2  level are briefly discussed. The specific 14C activity of the 
atmosphere is decreased. Up to the year 2200, the specific activity will be lower than the pre-
industrial level. The individual lifetime dose commitments (70 years) are found between 
0.85 and 0.45 mSv (pre-industrial value: 0.73 mSv). 

INTRODUCTION 

Environmental impacts and related health risks from atmospheric releases 

of CO 2  from fossil-fuel conihustion and of radiocarbon from nuclear facilities 

have been of increasing interest in the past decade. Both pollutants are globally 

distributed on earth and enter the biosphere by the photosynthetic activity of 

plants. Many authors have emphasized climatological consequences and potential 

329 
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health hazards by an increasing CO 2  content of the atmosphere. On the other 
hand, radiological effects of 14C (e.g. on DNA by energy deposition in human 
cells) could result in somatic health effects (malignant neoplasms or leukaemia) 
or genetic diseases. Although the long-term effects of both carbon isotopes are 
quite different, the global cycling can often be simulated by the same model. 
Such a simulation makes it possible to calculate the possible future effects of 
increasing fossil-fuel combustion as well as the potential radiation exposure to the 
population of the world by increasing nuclear power capacity. 

Here we mainly discuss various energy scenarios and the influence of releases 
of non-radioactive and radioactive carbon on the atmospheric CO 2  content and 
on the specific activity of the biosphere. 

2. THE MODEL FOR THE GLOBAL CO 2  AND ' 4C CYCLE 

Various models for the distribution of carbon in the environment have been 
developed in the last few years. CO 2  is by far the most important carbon 
compound, compared to which all others (e.g. CO, CH 4 , C2 H 8 ) may safely be 
neglected in most cases. The cycling of CO 2  can be simulated, e.g. by a compart-
ment model. We based our seven-compartment model mainly on that of 
Bacastow and Keeling lI (Fig.l). This model is built up from two boxes for the 
atmosphere (stratosphere, troposphere), three boxes for the ocean (mixed surface 
layer, deep sea and sediments), and two boxes for the biosphere (short- and long-
lived biota). The exchange rates were assumed to be non-linear between the 
troposphere and the biota, on one hand, and the ocean surface layer on the other, 
and to be linear between the other reservoirs. 

The troposphere is the connecting link to the biosphere as well as to the 
ocean. The uptake of CO 2  from the troposphere into the mixed surface layer is 
determined by physical processes with subsequent chemical transformations, i.e. 
the formation of bicarbonate and carbonate. The uptake depends on several 
factors, such as pH value, alkalinity, borate and phosphate content, etc., and 
therefore no longer follows a simple linear mechanism. All the various physico-
chemical factors can be represented by introducing a 'buffer-factor' lj. Its 
value now lies at about 1 0; with further increase of CO 2  in the atmosphere it can 
rise to 30 or even higher. 

A second non-linear flux of carbon exists between the troposphere and the 
biosphere. The time constant for the exchange with the short-lived biota lies 
in the range of two to three years; that for the long-lived biota at about 60 years. 

Since the biomass production is higher for an increased CO 2  level in the atmosphere, 
a logarithmically growing function has been introduced for its simulation, To 
obtain consistency between this model and experimental data, the biota growth 
factor 0 must be between 0.0 and 0.6 1]. 
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FIG.1. 	Compartment model for the global carbon cycle. Values for Nare gi'en as multiples 

or fractions of the pre-industrial atmospheric carbon content, N. 

The mobilization of carbon from the long-lived and short-lived biosphere can 
be represented by an additional exchange rate, the 'deforestation function' E. 
At present, this annual input of CO 2  into the atmosphere is estimated at 

3.0± 1.5 )< lOgC•a' [2,31. To study the influence of this input function on 
the response of the system, we examined two different models: 

Model A: Without deforestation function 

Model B: With a function b(t) increasing exponentially at an annual rate of 
3 1A until the above value of 3 X lO g Cja' was reached in 1978 

For model B we assume an exchange of 5 1/c from the short-lived biota and 
95% from the long-lived biota, according to Zimen et al. [4]. 

Both models have been tested for consistency with experimental data for the 
increase of the atmospheric carbon content as measured at Mauna Loa [1, 5],  the 

Suess effect [61,  and the variation of the specific activity in the atmosphere and the 
ocean due to atomic bomb "'C [7]. We fit these experimental data by varying 
the following most sensitive parameter values within their reasonable ranges: 
the pre-industrial atmospheric carbon content N an, the exchange rate of the 
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TABLE I. PARAMETER VALUES US1.D EOR THE GLOBAL CARBON MODEL 

Parameter Model A Model B 

(t) 0.0 Exponential growth 
rate o = 3> 

0..2 0.44 

N 10 
 

3 X N 4 X N 50  

7 years 5 years 

N a0  293 ppm 284 ppm 

Suess effect 1954 

atmosphere with the ocean 1am the carbon content of the ocean surface layer 

Nrn o and the biota growth factor 0, The other time constants and pre-industrial 
carbon pools were held fixed (Fig.l). The best estimates for the variable para-
meters as obtained by this method are given in Table I. 

In the global model for 14C, the specific activity, i.e. the ratio 14C/Ctotai  
was calculated instead of the absolute concentrations. An isotope discrimination 
factor of 0.96 for the transfer of ' 4C from the atmosphere to the bioipliere and 
to the ocean surface layer, and of 0.83 into the deep sea, had to he assumed [8]. 

Both sets of differential equations were numerically solved by the 4th-order 
Runge-Kutta method. Then the specific activity in each compartment i at time 

was calculated by 

A(t) 
* n (t + * n0  

= 
1 	

nt(t + N 10  

1 THE ENERGY SCENARIOS 

Since most estimates for future energy supply contain great uncertainties, 
we shall consider various scenarios in order to obtain some information of the 
range of future 12C and 14C content in the different compartments. The data 
proposed by the Workshop on Alternative Energy Strategies (WAES [9]) were 
mainly used. Similar scenarios have been given by the World Energy 
Conference [101. 
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JIG.2. A nnual and cumulative CO 2  input into the atmosphere; cv4 = ann)salgrowth rate 

at 19 74 ö = non-fossil carbon input. 

Two main scenarios were assumed with the following variants: 

Scenario 1: 
The energy consumption increases and it is provided only by fossil fuels. 

We used a 'ogistic growth function, as did Zimen et al. [4] and Killough [111. 
The annual input is described by 

/ 

\ n 

and the cumulative input by 

n, 
n -= - 

	

/n 	\ 
I -i- 	- 1 ) e °t  

	

n o 	/ 

The two variants of Scenario 1, U14 =  2i and 414. (n = 4800 X 10 g C), are given 

in Fig.2 up to the year 2200. 
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TABLE II. VALUES ASSUMED FOR THE SCENARIOS CHOSEN 

GW(e) installed capacity 
Scenario 	 74 (%) 

1n2000 	 1n2020 

1(b) 4.0 - 	 - 

11(u) 2.0 2000 	 5500 

II(m) 3.4 1400 	 3800 

11(2) 4.0 900 	 2500 

Scenario II: 
In the second scenario a certain part of the energy consumption is assumed 

to be supplied by nuclear energy. The following three variants are chosen to 
estimate upper, medium and lower values for the 14C exposure (Table II). 

(u): An upper limit with a low increase of fossil fuel combustion ( 	2%) 
and a high world-wide extension of nuclear energy production (2000 GW(e) in 
the year 2000 and 5500 GW(e) in 2020). 

(m): A medium estimate with a moderate increase of fossil-fuel consumption 
(3.4%) with partial replacement by nuclear energy (1400 GW(e) in the year 2000 
and 3800 GW(e) in 2020). 

(2): A lower limit with rather fast growing consumption of fossil fuels (4%) 
and only slowly increasing nuclear capacity (900 GW(e) in the year 2000 and 
2500 in 2020). 

The input of carbon from fossil fuel combustion into the atmosphere is 
described by logistic growing functions for all variants. For the non-fossil input 
it is assumed that ö is proportionally linked to the world population growth II 2J. 
The release of ' 4C by nuclear installations depends on the installed nuclear capacity, 
the production rates in the various reactor types, the degree of retention and the 
fractional contribution of each reactor type to the overall capacity. 

An exponential growth of the nuclear capacity was assumed within the limits 
given above. After the year 2020, the projections are even more uncertain, and 
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TABLE III. CALCULATED 14C PRODUCTION RATES IN LIGHT-WATER 

REACTOR TYPES 

Reactor type 	 Coolant 	 Fuel elements 	Sum 

(Bq .W' •a) 	(Bq -W' .a') 	(Bq .W'-  a') 

BWR 	 518 (14)a 	 702 (19) 	 1221 (33) 

PWR 	 222 (6) 	 555 (15) 	 777 (21) 

Ci-GW' a' are in parentheses. I Ci = 37 X 10 10  Bq. 

(U) 

	

rn) 	 'a 
(fl 
TrTiTh 

nat ------140ct,on 	 -10 

101  

17() 	2000 	 2050 	 2100 	 2150 	 2200 
Year 

FJG.3. Release rates of C-14 from nuclear faciities for Scenario II for/our variants 

(RF retentwn factor at fuel reprocessing installations). 

the exposure was therefore calculated only for constant release rates from 2020 

until 2200. 
In Table LIE the calculated 14C production rates for the two most common 

reactor types are given (after Ref.I 131). Since until the year 2020 the pre-
dominant part of the capacity might be provided by light-water reactors, the 
assumption given in Fig.3 might be realistic. Ef, however, one third of the installed 
capacity is due to boiling-water reactors and two thirds to pressurized-water 
reactors, a release rate of 7.4 X 10 11  Bq per GW.a is calculated (with 80 1/,-, net 
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production and no 14C retention during reprocessing). To examine the influence 
of the retention of ' 4C during reprocessing, the ' 4C input was also reduced by a 
retention factor of 4 in Sccnario II (ni). The assumed release rates of 14C for 
the various scenarios are given in Fig.3. 

4, RESULTS AND DISCUSSION 

4.1. Scenario! 

For this scenario (only fossil fuels, no nuclear power) wc assume that nuclear 
power will not contribute to the energy supply. Two different annual growth rates 
of 2% and 4% for the combustion of fossil fuels seem to he an upper and lower 
C St mi ate. 

In Fig.4, the time-dependence of the atmospheric carbon Content is given for 
two different logistic growth rates. For the upper variant (a, 4  = 4%), the CO 2  
concentration in the atmosphere will be doubled in the year 2030 and can reach 
levels up to five times the pre-industrial level. However, even for the low variant 
(a 14  = 2%)CO 2  concentrations of three to four times the undisturbed level seem 
to he possible. A doubling of the CO 2  content in the troposphere could be reached 
in the year 2060, i.e. only 30 years later than for the high variant. The potential 
consequences of such high atmospheric CO 2  concentrations are still very uncertain 
at present. One of the major environmental impacts of an increase of the CO 2  
content in the atmosphere could he a global warming up of the earth's surface air 
temperatures owing to the greenhouse effect (i.e. absorption of infra-red radiation 
from the earth's surface by CO 2 ). The estimates found in the literature on 
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temperature changes due to a doubling of the CO 2  concentration range from a low 
value of 0.26 K to a high value of almost 10 K 13-151. A mean global surface 
air temperature rise of 4 K could possibly lead to melting of the arctic polar ice 
and larger clirnatological changes in most geographical latitudes [ 1 31. Despite the 

great uncertainties in such assessments, reduction of CO 2  releases into the 
atmosphere seems today the best way to prevent global climatological changes. 

Figure 5 shows the timedependence of the specific activity of the 
atmosphere. For comparison, the pre-industrial level is given. 

Human exposure to 14C can occur by three principal means: external 
irradiation (only skin since 4C is a pure 3-emitter); internal irradiation after 
inhalation and internal irradiation after ingestion. 

Killough and Rohwer [161 showed that external a-irradiation contributes 
only less than 1>f to the total body dose. It can therefore be neglected in these 
calculations. The internal dose can be conveniently calculated by a specific 
activity model [16, 17]. in this model it is assumed that the specific activity in 
man is equal to the specific activity in air. On this basis, dose-rate factors for the 
various organs have been calculated and combined to an effective dose conversion 
factor (Table 1V. Hence, the effective dose rate can be expressed by a simple 
multiplication of the specific activity in the atmosphere with the effective dose 
conversion factor and is given on the right-hand side of FigS. 

The releases of 14C by nuclear weapons in the 1950s   and 1960s will only 
be compensated by 12C input and 14C flux into the ocean after the year 2000. 
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TABLE IV. ORGAN AND EFFECTIVE DOSE FACTORS FOR 4C ASSUMING 
THE SPECIFIC ACTIVITY MODEL 

g 	 w.g 

Sv I /Bq\ 
Organ 	

_ _) 	
* 	

(S,/Bq 

(X 10) 	 (X 10-6) 

Gonads 22.7 0.25 5.4 

Breast 59.4 0.15 8.9 

Lung 24.3 0.12 2.9 

Red bone marrow 99.9 0.12 12.0 

Thyroid 25.7 0.03 0.8 

Bone surfaces 89.1 0.03 2.7 

GI tract 43.2 0.24 10.4 

Liver 35.1 0.06 2.1 

Effective dose factor gff 	 45.2 

* w weighting factor. 

A further decrease of the specific activity of the atmosphere will be expected 
owing to further input of non-radioactive CO 2  from the combustion of fossil 
fuels. According to the two assumed logistic growth functions, the minimum will 
be reached at about the years 2100 (Q14 = 4%) and 2200 (a 	2%0. Simultaneously, 
the effective dose rate will be reduced by about 30% to 40% as compared to the 
pre-inclustrial level. 

The individual lifetime doses are calculated from the annual dose rates by 
integration over a mean lifetime of 70 years. These lifetime doses are given in 
Fig.6 as a function of the year of birth. The highest doses are caused by 14C 
from the nuclear weapon tests for those persons born between 1900 and 1990. 
Further generations can expect dose values which will he below the naturally 
caused value. The differences between the two variants of the scenario are small 
compared with this decrease. For a person born in 1974 the calculated lifetime 
dose will be near to the pre-industrial value. About 16% of this dose will be 
caused by radiocarbon released from nuclear weapon tests. 

4.2. Scenario II 

The results of the simulation for the three variants of Scenario II (partial 
replacement of fossil fuels by nuclear power) are given in Figs 5 and 6. For 
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of birth. 

comparison, the pre-industrial levels are also shown in the same figures. Again, 
the considerable contribution of the 14C from the atomic bomb tests can be seen. 
For the upper variant, the pre-inclustrial level will be reached in the middle of 
the 21st Century, and about 50 years earlier for the other variants. The minimum 
of the ' 4C exposure for the medium variant lies at about 8 uSv per annum. 
The lifetime doses are highest for persons born about 1960 and lowest for those 
born between 2050 and 2100. After the year 2200 a second maximum can be 
expected. 

In Table V the lifetime doses for a person born in 1974 are compared for all 
scenarios. Radiocarbon released by nuclear power production contributes between 
3% and 6 17c of the total exposure. The last column contains the values for the 
medium variant if after the year 2020 no further ' 4C is released from nuclear 
installations (i.e. assuming total retention, installation of other reactor types, or 
strong reduction of nuclear power production). The lifetime dose is then reduced 
by almost a factor of two. 

5. CONCLUSIONS 

Discussion of the various scenarios has shown that short- and long-term 
effects for the future radiation exposure by '4C have to be considered. The long- 
term exposure is determined mainly by the amount of MC  released and its residence 

C 

(.5 
C 

V 

V 

C 
-o 

C 

V 

V 

V 

LU 

8H 

1 71- 

ME 



340 	 MATTH1ES and PARETZKE 

TABLE V. EFFECTiVE LIFETIME (70 YEARS) DOSE (inSv) FOR A PERSON 
BORN EN 1974 CALCULATED FOR THE VARIOUS SCENARIOS 

Scenario I Scenario II 

(a) (b) Cu) (m) Ct) (m )* 

Annual growth rate 2.0 4.0 2.0 3.4 3.4 4.0 3.4 
to I974O 4 (7) 

Retention factor at - - RF4 - - 

I uel reprocessing 

All sources 0.75 0.72 0.81 0.76 0.74 0.73 0.75 

Nuelearweapon tests 0.12 0.12 0.12 0.12 0.12 0.12 0.12 

Nuclear power plants 0.02 0.01 0.01 0.01 0.01 

Fuel reprocessing plants 0.03 0.02 0.01 0.01 0.01 

* No releases after 2020 

time in the atmosphere. Until the year 2050, short-term effects clue to radio-
carbon released from the nuclear weapon tests are dominant. Until the year 2200 
(medium-term), the exposure depends on various factors of different importance: 

The reduction or growth of the long-lived biosphere 
[he combustion of fossil fuels; 
The installation of nuclear power plants and the retention of ' 4C. especially 

in reprocessing plants: 
The installation of other reactor types (e.g. fast-breeder, high-temperature 

reactor with higher exploitation of the nuclear fuel reserves); 
The development of new energy supply techniques (solar, geothermal,etc.). 

En the time interval considered, radiation exposure by 14C for the next few 
generations is estimated to be below the pre-industrial level. 

Because of the large dimensions of potential impacts on future climatological 
conditions by an increasing CO 2  content of the atmosphere, these risks to future 
generations appear to represent more important aspects of technology assessments 
than the radiological effects of radiocarbon. 
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Bombay, 
India 

Abstract 

THE HEALTH ASPECTS OF BIOGAS AS AN ENERGY SOURCE. 
Data on the positive health impacts of biogas as fuel for rural household cooking hays 

been collected from three villages near Bombay, one of which used traditional firewood as 
cooking fuel, one used hiogas plants, and the third used biogas plants connected to latrines. 
The study illustrates the advantages of the use of biogas compared to wood, dung-cakes and 
crop residues. The hiogas plants in the villages selected for study have been in operation for 
three or four years, Short-time studies show positive advantages of the use of biogas as 
fuel. 

INTRODUCTION 

Water, food and energy are the essential requirements of human beings. 
There is an abundance of natural resources of water in many parts of the world. 
Food requirements are also met by indigenous production or by imports. The 
sources of energy, liowever, particularly for the industrial and domestic sectors, 
are diminishing rapidly and their availability has become anybody's guess. In 

the context of an increasing demand for energy in the industrial and domestic 
sectors, several new alternative energy technologies are being practised. 

For over twenty years, scientists have been studying alternative and 

renewable sources of energy. In developing countries in the tropics, renewable 
sources of energy, such as hiogas, solar energy and windmills, are gaining 
popularity and are more or less accepted as possible sources of alternative energy, 

to replace conventional and commercial fuels. This paper studies the health 

aspects of the use of biogas. 
Biogas has been in use in lndia for over twenty years under the name of 

Gobar gas, propagated by the Khadi and Village Industries Commission, an 

autonomous and statutory hotly which is responsible for rural development. 

Over 80 000 biogas plants have been installed to date and it is proposed to 

ins tal a further 500 000 in the next five years. 
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TABLE U. COUGHING AND BRONCHITIS 
WHILE COOKING: BIOGAS USERS AND 
FIREWOOD USERS 

	

Recurrent cough 	Chronic bronchitis 

TFWa BGb BGLC L TFW BG 	BUL 

13/19 	4/14 	2/26 	8/19 	0/14 	0/26 

6 8 % 	 155 	44% 	076 	0% 

TFW = traditional firewood users, 
' BG = biogas users only. 

BGL 	hiogas users with latrines connected to digesters, 

Gobar gas plants constructed throughout India can be viewed from three 
different points: (i) as a source of energy and fertilizer; (ii) as bringing socio-
economic benefits to the family; and (iii) as being less hazardous to health and 
hygiene and at the same time reducing drudgery for women. 

Since India is mainly agriculture-based, with 80% of its population living in 
rural areas, the main source of domestic fuel comes from firewood, cattle-dung 
cakes, and crop residues. Biogas plants are accepted by the rural farmers since 
firewood is becoming increasingly scarce as a result of the denudation of forests. 
Similarly, the use of cattle-dung as a fertilizer owing to the need for increased 
agricultural output has meant that cattle-dung is no longer available as fuel. This 
is also the case with crop residues, which can be better utilized for other 
purposes. The gradual change in the living habits of rural people has made it 
imperative to look for new sources of energy, and biogas has therefore become 
more popular. 

Biogas technology is locally available and easily adaptable by rural people 
in the developing countries. In keeping with the theme of the present Symposium, 
this paper reports comparative studies on the use of fuels: traditional versus 
the biogas systems. 

2. METHODOLOGY 

The methodology adopted in this study deals with three categories: 
(a) users of firewood in the traditional way. (b) users of biogas for cooking, and 
(c) users of biogas with toilets connected to biogas digesters. 
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TABLE III, EFFECTS OF USE OF BIOGAS AND FIREWOOD ON EYESIGHT 

Distant vision 	 Colour vision 	 Near vision 

TFWa BGb BGL TFWBG BGL TFW BGBGL 

Normal 

Abnormal 

15 

4 

11 

3 

20 

6 

19 

0 

14 

0 

26 

0 

17 

2 

10 

4 

21 

5 

TFW = traditional firewood users. 
b  BG = biogas users only. 

BGL 	biogas users with latrines connected to digesters. 

Traditionally, firewood, dung-cakes and crop residues are used in open 
chuilas (ovens) from which a lot of smoke emanates and heat is dissipated, 

resulting in low thermal-utilization efficiency of the fuel. Studies have been 
made on respiratory diseases due to inhalation of smoke, irritation and watering 
of eyes due to smoke and the resultant fatigue, as well as perspiration due to 
high room temperature. 

This study explores the effects on the respiratory system of using biogas 
and the continuous saving in man-hours in terms of procurement of fuel and 
reduction of cooking time owing to the high thermal efficiency of biogas fuel. 

in most parts of rural India, owing to lack of sanitary facilities, people 
prefer open-air defecation, which has several disadvantages, in particular, 
spoiling the superficial layer of the earth with dangerous bacteria, leading to 
contamination of well-water and pond-water. Consumption of this contaminated 
water leads to a host of abdominal diseases. 

Walking barefoot on the contaminated earth leads to deadly diseases like 
hookworm and anaemia, in addition to perpetuating the disease known as 
dracunculosis. The use of latrines and disposal of excreta after proper treatment 
through biogas digesters has been studied where the biogas plant users have 
toilets and latrines attached to the biogas plants. 

3. COMPARATIVE STUDY 

Materials and data for this study came from three villages situated near 
Bombay: Dhani. Bilaipada and Vatal, representing, respectively, traditional fire-
wood users, hiogas plant users, and users of biogas plant connected to latrines. 
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TABLE 1V. HOURS SPENT BY PARENTS ON CHILD-CARE 
AND HOUSEWORK: FIREWOOD USERS AND BIOGAS USERS 

No of hours 	Firewood 	Biogas users 	Biogas users with 
spent 	 users 	only 	 latrines connected 

to digesters 

0 8 0 	 0 

1 0 0 	 0 

l--2 0 0 	 0 

2-3 0 5 	 9 

A total of 59 subjects were throroughly examined as to their state of health, 
and relevant socio-economic information was collected from the head of each 
family and charted in a pro forma specially prepared for the study. Table I 
shows clearly that smoke, which irritates the eyes and makes them water, is 
found only among traditional firewood users. Biogas users are only theoretically 
liable to this effect where rooms are ill ventilated and where combustion of 
methane might lead to increased CO 2  concentration and decreased oxygen, leading 
to a health hazard which is so far unknown to us- This, of course, needs a long-
term, detailed study. 

Table II shows occurrences of coughing attacks during cooking hours, 
recurrent coughs and chronic bronchitis in 100% of traditional firewood users. 
Coughing attacks during the course of cooking are present. Recurrent respiratory 
infection and chronic bronchitis are present, respectively, in 68% and 50% of 
the cases examined. None of the biogas users had coughing attacks during 
cooking. Only I 5h of biogas users had recurrent coughs, which is the usual 
proportion present in the general population. 

We tried to compare distant vision, near vision and colour vision on 
Snellen's chart. The details are given in Table III. To our surprise, more cases 
of abnormal distant vision as well as near vision were found among users of 
biogas which probably reflects the past effect of using firewood, since the use 
of biogas is of recent origin - say three or four years. Long-term follow-up 
studies might prove the point for the next generation. 

Table IV shows man-hours spent in procuring firewood, estimated as 
between 500 and 1000 per year, which shows a distinct advantage to the 

biogas users in terms of man-hours per annum saved. An average biogas user 
completes cooking within one hour in the morning and one hour in the evening, 
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TABLE V. GENERAL STANDARD OF IIEALT}I 
OF COOKING-MEMBERS OF THE FAMILY: 
FIREWOOD USERS AND BIOCAS USERS 

Perspiration and fatigue 	Tired at end of day 

Wd BG h 
BGLC TFW BG 	BGL 

J1 O5]3_ 

TFW 	traditional firewood users. 
h BG = biogas users only. 

BGL 	biogas users with latrines connected to digesters. 

while traditional firewood users require two to six hours per day depending on 
the size of the family. 

A rough estimate of accidents that have occurred, according to the history 
given by heads of families, shows that among eight families using firewood in a 
traditional manner, minor or major injuries and burns were more commonly 
sustained than by users of hiogas. Another advantage for biogas users is that 
they can cook on a raised platform, whereas firewood users do their cooking on 
the floor. No major accidents, such as burns, etc., were reported by either 
group. 

Table V shows that the women who use firewood for cooking were not 
only exhausted after cooking but also felt tired at the end of the day. More 
sweating and fatigue was experienced by firewood-users than biogas users. 
Table VI shows the time saved by hiogas users and spent in a useful manner, e.g. 
in taking care of their children, in general upkeep of their houses and other 
productive activities. 

Table VII shows the recurrent diarrhoea, recurrent abdominal pains and 
number of motions per day in the three groups studied. Recurrent diarrhoea 
and abdominal pains were more common among the traditional firewood users 
and biogas users without latrines than in the third group. Biogas users who have 
connected their latrines to digesters had on an average one or two motions per 
day as compared to other groups who had between two and four motions per 
day. Although there was no apparent ill effect from this physiological process, 
obviously their heafth was below the standard of other groups. 
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TABLE Vi. TIME SPENT ON PROCURING COOKING FUEL AND 
ON COOKING: FIREWOOL) USERS AND BIOGAS USERS 

Man-hours per year spent in procuring 

firewood for cooking 

FTFV BGhBGLc 

0 	 - 	13 

500750 	3 	- 

750-1000 	5 	-  

Man-hours per day 

spent in cooking 

TFW 	GBGL 

2 0 5 9 

23 5 0 C 

3--4 1 0 C 

1 
0 0 

5-6 1 0 0 

" TFW 	traditional firewood users, 
b BC 	biogas users only. 

BGL = hiogas users with latrines connected to digesters. 

TABLE VII. ABI)OMINAL DISEASES OF USERS 
AND NON-USERS OF TOILET FACILITY: 
FIREWOOD USERS AND BIOGAS USERS 

Recurrent diarrhoea Recurrent abdominal pains 

TFW 5 	BG 	BGL TEW 	BC 	BGL 

103 

2S% / 

No. of motions per day 	TIW 	BC 	BUL 

123 

2-3 	 5 	2 	3 

3.4 	 8 	1 	0 

a TEW = traditional firewood users, 
h BC 	biogas users only. 
c BCL = biogas users with latrines connected to digesters 
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4. CONCLUSION 

In conclusion, the impact on the health of users compared with non-users 
of biogas in the three groups studied may be summarized as follows: 

The use of biogas by and large has made a positive impact by 
improving the health of rural people and at the same time maintaining all-
round hygienic and good environmental conditions. 

The time saved in cooking and in collecting firewood is better utilized 
and can lead to additional income to the family. It can he used for giving more 
attention to children and upkeep of the house. 

Connection of latrines to biogas digesters can prevent the abdominal 
diseases which are prevalent in rural areas of developing countries. 

The only negative effect of use of hiogas in ill-ventilated rooms may 
lead to breathing disorders due to the high proportion of CO 2 . This can be 
overcome by providing proper cross-ventilation. 

To quantify and identify different areas of health aspects on the use 
of biogas technology, it is necessary to undertake further studies which may 
bring to light more objective facts. These may help the policy-makers to examine 
all aspects of new alternative energy sources. 

In the field of international co-operation. including exchange of information 
on the development of hiogas technology, the Khadi and Village Industries 
Commission is engaged in training the experts required for developing countries 
from the Commonwcalth,sponsored by the Commonwealth Science Council. 
The Commission is also providing technical know-how for construction of bioy'as 
plants througl1 UNIDO, UNEP, HABITAT. UNOTC,,etc. Since the health effects 
of the impact of new energy systems are to be further studied and results 
disseminated to the needy countries, the Commission can take up further work 
if required, provided support is forthcoming. 
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PA406H0J10ruECK14I 3BUBAJIEHT 3,4- BEH3HI4PEHA 
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E0.A.11AFl1H 

1IECT14TYT OMO4J113HIrH 

MI4HIICTCpCTBa 3npaBooxpaHemlB CCCP, 

Mo ci<B a, 

C0103 CoBeTcKHx (omsaJmcTIl'secKnx Pedny6nhlK 

.ianpoweHuolu dOKJlad 

Abstract— AHHOIaIIH$1 

THE RADIOBIOLOGICAL bQUIVALENT OF 3,4-BENZOPYRENE IN TERMS OE 
CARCINOGENESIS IN TFIF LUNGS. 

The results of experimental studies on the incidence of lung cancer induced by 
3.4-benzopyrene are presented. An experiment was performed on non-pedigree female white 

mice. The results obtained show that the dose-effect relationship is non-linear, which makes 
it more complicated to determine the radiobiological equivalent of benzo(a)pyrene, since the 
concept of a linear relationship between dose and stochastic effects is now used for estimating 
the effects of ionizing radiation. A comparison of the effects of benzo(a)pyrene and ionizing 
radiation has shown that the risk of cancer associated with the concentrations of benzo(a)pyrene 
in the air in many towns in industrially developed countries may be several times higher than 
the risk associated with the effects of ionizing radiation in the context of the standards in force. 

ARHOTaItFIB 

PAil10h00l0[tI4I('Kl1l4 JKBt111A311HT 3.4-51 14311IIPI.HA uo 3lKrY KAI-lllLl'OF[Hl3A 

It J11tKIIX. 

11peocraBrrnbI p.3vnhiamI n<npsMcHTanbubIx [lccJLrnoBaHuIt Bo3Hi{KH0BCHIiB paKa ncrxHx 

UOTI 4CTBBeM 3.4-6eH3nI4pHa. JxcnepnMeHT flpoBoJTIYHCil Ha 5ern0p0rLHh1' 5CH6IX Muwax-caMBax. 

floiiyswisic prsvnIIaTbI relinercilicTayloT 0 HCORHCIIHOSI \5KTCC 3aaBcoMocm 'o03a 	4KJ)C}.Ct, 

'ITO YCJ10WHS0I 0op.ucr1cHs1e pauH03HoJlorMuecs01 - 0 .3KRuBaileHra 6eH3anupea. LB. £111R OUCHKII 

ifoCMCJScfBIiit B03T1eIICTBH5I HOiLHSHpYIOIIITB paiTBaullil B HaCTOanJec B[ICBIB BCfl011b3YeTC31 FCOHUCflW&ii 

iluHenHoti 3aBuc11M0cTB 5les(uy Ti030 II CTOxaCTHurCI<iIMH 4cKTaMH. C000cTauneHue 44)CKTO13 

B0311cticTBwi iein (a)rLupeHa II II0BH3HpVIOLLICI1 parsisaliuir IioRaJaJlo. UTO pMCK paKOBiIX 3a6OrIeBaHI4tI 

06yrJl0BJICHHEI5 cymccTBvloIuiIMB BO MHorilx roponax rlpoMh1WJlCHHO pBJBBTMx CTpSH K0HUCBTp3UHUMB 

tells (a) nupdlla B BOsayxC. MOSCT hbiTb B HCCKOHEXO pB3 60J]bIIIIIM qexa JTUT purK B pcsyimTaTc 503-

;55ICTBBM H0H1131ipV101314 pauILauilB  B paxucax YCT3H0B1CHHb1X HopMaTBBoa. 

B nocJietHise r0b1 noasuMJIucb pa60mi, B KoTObIx npettrtpstiai fl011blTl(11 oripeemsm 

pawo6nortormtecsruu 4FcBHBarIeHT Bo3teiscrBnn pana xrtMw-iecjitx aarpaarmieriess OK pysia 

outefi cpeLtbI, o6natawnuix aau1ep0reHmoM B MTfeHHb1M 14eI4CTBMCM. Iloipcliuocra B 

IaKOM lloKaaarenc cBasaHa c Heo€'iXoqMMoCThIo KoJlwIecTBearnoss oUeHKH I, cortocTannesntH 
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onacuocm B03flCI½CTBWI pa3nwLHbIx }caHueporeHHhIx (JKTOOB opy<aiotuei cpe)ibr [1-3], 

HanplrMep, o6ycowiern4ix arMoc(jJepHblMH Bbl6pocama 5I)epHb1X H gpyrHX TUfIOB )Hepre-

T114ecK11x ycraiooIc [4] B KCCTBC )TaJIoHa KaHHeporeHHoH aKTIIBHOcIH 06blHo npea-

iiaracTcx oTHocIlTexlbHo xopowo 113)'MCHHOC Lel4crBHe eL11fH1eLb1 903bl HornI3HpyloLueO pawt -

airn (öp mm 3B) fIanHqHe LaHHbIx, xapar<TepH3yIoIwIx KaHUepOreHHyJo  4cjeKT11B1TocTb 

HOH143Hpylolueu pa.LfHaWlH .uaer B03M0110{OCTB oupeeiiiim pa4fio0HonorHecKmi 3KBHEXICHT 

FCaHLLCpOI-CHHOCTH (P3K) gng niohoro XHMH'TecKoro KaHLeporeHa, ZUOI KOTOpOrO H3BCTH 

3aBHdHr1ocrb ' 403a KjJICKT". 

O.IwliM B3 HaB6ojIee padnpoclpaHeHHblx B oKpyaalolueii cpee 0 aKTIIBHBIx Kaeiuepo-

reHoB BBJIReTCH 6eH3(a)HHpeH (1511) (5] Boripocy o Bo3Mo)XHOB PORH B1 B JTHOJlorHH 

paa nerKox YgCJTffeTCA MilorO BHHMaHHB, HO OH HO PeWeH oIcoH'IaTeJmuo. PWOM Occire-

4oaalen6i HO4I3aHO, qTo iipvt HHlpalpaxea)mH0M BB0400HH 1511 BMecTe C 60511,111MM O&bOMOM 

HCKOTOPB1X COp6eI-LTOB B JICFKIIX iKCflCPHMHtBflbHb]X )KHBOTHb1X HBpB1y C 4ecTpyKlMBHb]MeI 

upoueccaMkl, B113BaHHb1MI4 COp6OHTaMI{, P3BHB!OTCB OrIyXOJIM, a4eKBaTHhle paKynerKux y 

'renoBea [6.7. Qajiako, B J1HTOTC OTCYTCTBYJOT 4aHHBIO, KOTOphIe II03BOJIHJT]1 6bi 

rcoJlHqecTBeHHo xapal(repH3oBam 3aBiiCHMOcm "40311 - 3(]4OKT "  11pM ecTecTBeHHoM HHFaJ1H-

U.MO}IHOM IIOCTyHJICHHH hil B nerKlre. 

B HaCTORWCu paöoTe npezIcTaBJIeFu1 pe3yJThTaTbI )KdnepHMeHraJTbHblx IICCBe4OBaHIIII 

B03HHKHOBCH14H paa JlerKIfx 1104 £eHcTBHeM 1511. JKcrIcpHMeHT npoBO4HnCg Ha 282-x 

IIOJIOB03POYIBIX 6ednopomb1x 6CflblX MbImax-caMHax )KHB0THB1e 6hUl}1 p33611Tb! Ha 4 rpynim, 

O4Ha 113 KOTOpBIX ciiyna 6HOJIOrHqeCKIIM EZOHTOJTeM, TM 4pyrlie no4Bepramcb 3aTp3BKC 

CYXJIM alp030neM 4llcTOro ELI, K0HaeHTpawlH B NaMepax uoaep )KHBaJ14 cb Ha YPOBHKX  
0,2, 6,3 11 78 MFcr/M3  (W111 rpynri )KHBOTHB1X 1, 11 ii Ill, COOTBCTCTBeHHO). 3aTpaBka ilpoBo-

wlnacb B Te'ICHHe 6 4 5 p113 B H4JI1O Ha ITpOTH)KeHIIH 3 MCC111CB. AKTHBHBI6 MaCc-apo-

;IJIHaMII'jeclalH nHaMerp (AMALL) 'raCrlrLf COCTaW1BJI 5,9 MKM, qOMy cooTaeTcTBoBasla 

9% -r-ra5l 3ajepwica 'IaCTMII u JIOrKriX. Ha6nlo400l4H Ia HHBOTHMMH BCJIHCb 40  HX ecrecrBeH-

Hon nr6e.'ui. YCJIOBHB IKCHOpIIMeHT11 He Bbl31lBaJIH rpy6hrX IOKcH'leCKllx }H flHblx Uo6oy-

H1,IX )4xfeKTo11, B 'LacTnocTH, OCCTpyKIHI3HbIx KJlI4 BOCOaJ1IITOJIBILbIX JIpOLIeCCOB B JIOrKHX, 

H HO OTpa3HJ1HCJ Ha BHenrHeM BH4C 11 IIOBCJICHHH  11(HBOTI-IBIX. Ilafle)ic )G1BOTHLIX B le4dHHe 

200 cyi riocne upelepanIeHHH 14HraJ1HJ1H HpOxOJIMn PaBliOMePHO BO Bcex rpyrn -iax II HO 

flpCB1UJaJ1 1O. fIpll'IHHOH rHñernI )RIIBOTHBIX B 3101 HPHO4 HE WTHCb ce30HHble nhleaMo-

111111. Y )KJ{BOTHbIX, IIaBIJJHx B 60nee 110 341111 0  CpoKM, UH naloMop4)onorl4'1ecKoM riccne-

40BaHH14 6bu111 o6HapyeHh1 B JIeLKHX HH3lKozu1c4IepeHuHpoBaHHb1e paKH, JIHMcJoCapKOMbI 

H aaeHoHapIaHHoMbl - lJIoKaqecrBelrHble ooBoo6pa3oBaHnsr, H4eHTH'IHbIe pay J1erx y 

'lefloHeKa. YCYIOBHSI 11OBC4OHH$1  H pC3yJTbraTbl lKcnepIlMeHTa UpO4CT11BJICHBI B Ta6JI.1. 

KaK H CJTCSLOB11JIO oao{4arb, HaH6OYIbIJIHH 11pOLIOHT 3noFaqecTBeHubLx onyxoneci sieriurx 

3aperHCTpHpOBaH B rpylroe Ill, B 1'ZOTOPOH 403 ELI B nerK1lx cocTaBIrfijia 9 M1<r/r TKami. 

fIoslyqeHHble 4aHMbIe 110 cooTHo[uellHIo "403a - Jclxj)eKT "  (1104 403011 noH}lMaeTcH 

KoJlHqecrBo 1511, 34C)1(11BLUOCC51 B sleriGix 3a Bce BpeMB 3aTpaBKo) CBFI4CTeJIbCTByIOT  0 

TOM, 410 Iaa1lcHMocm )Ta HeJ1HHeliHa H OFIHChIBaCrCH crenem-toii c1JyHK4He!1 

Y= 16,4X°"9 
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TAbI1141A 1. B03HI4KHOBEHHE 0[IYX0flEI1 flEI'KI4X B 3ABIICVMOCTII UT 

110CTYHJIEHH$1 1311 C B03YXOM 

floka3a rtu1 

1<0HCCHrpaUBB bil B 130f1y\L7. 7lBc/M 3  

11o3a hil. 3aaCj))11BukroL 	 MK. 1,  ¶Kana 

IpOIK}LT )KBBOlBblX C 3flyNOHUl1 .qCIKH\ 

IlpoucEir )k BOlrfbIX C ofly\C Luir ThCIr(B\ 3a BbI-ICI0M 

III)OUCHTa C11y40C11 CIl0fl11.HF0F0 1303H1NHOBCU1B 

Ony\OJTCa no 	H11EII4, n0ily4C'HI4hlM H3 Ha6J1}07cur151 

KOHTpOJIbHOa FYflflLI >KL4BOTFIbI\ 

,0 2 

23 

9 

Fpynrlbi )1BOII-Lb1\ 

111 	1V(onpo:ibua) 

1.3 	78 

(18 	9 

27 	40 	14.3 

13 	26 

fl1C Y - 1ipoIeH1 )1I1BOTHb(X Co 3110XB4CCIBCHIIbIMH onyXo;IHMM ncrKHx, X - £I03 1311 B 

nerkHx, MI<r/r TKaH}1. 

Ilony4eHHoe ypasuee A0ClaT0qHo }{aue)KHo orlHcblBaeT cooTHoLlleHl1e 
11 03a - J1XeKT' 

o npelrenax HCnoJ1I30Ba[!Hb1X o pafioie KOHL&CHTPaLU4H H Mo)l<eT 6bJTb FICrIonK300aHo zTim ripo-

rH03HpOBaHH$I Bb1x0a onyxoiie3. Cyluecr000aHHe flOio6H0I4 3aBI1CIIM0CTH no113ep7k0a- 

CTCH aMaJIM30M JrHtepaTypublx MaH}tulx 110 HH1yK11HM  paica ll14 HHTpa1paXeMbHOM BBe1eHMH 

pa3rn4IHbIx )103 bli [6-8]. 

Crieyei OTMCTHTb, 'iTO BbIXOI7I oyxoeu Ha e0RHHUY 103h1 1311 [IH ero HHraflRWIOH-

HOM UOCryIWCHHH MbIulaM oIza3aMCH HecKoMbico BbILHC, 4CM öbEIO HaHr4eHo iipn HHTpaTpa-

xeajlbHoM BBe7jeHHH Kb1CM [a]. OMeBI&IIHO, 1TO HBJIBCTCH cne1cTo14eM. upeawe BCerO. 

ny'iLnero 1zoIiTaIcTa 511 c nero'iHo0 TFcaHbIo B dny'.Iae ero xpoHrHCCKOro ILUCTyIIJIOHI4R C 

BOWYXOM, a TaFoKe, BoaMofduo, 6011cc BbIC01(011 4yBcTBnrcnbHocTB rICrLojlb300aHlLblx B 

onbire MblWeu K B03HI{KH0BeHrI}O 	erKix. heslHhieuHoCIb COOTFIOLIICHHH "L003a - :34)- 

4)eici '  11pil BO3161CTBk1H 1311 HeCKonbKO ycno)KH{er olTpeoeJleHwe paMHoOHoJrorlc4ccxoro 

JKBHBaneHla :3T0F0 BelucciBa, fl0C1<OflbX, ic -ak 143BecTHO, IILHB  OUCHKrI n0cue0TBHo H03-

1eMcT1311a H0LI1130pyIOLBeM paI11aW1H B Hacrornuec BpCMH BcnojmayeTca I(0HIICH111451 rn4ne11-

-tOM 3awicmmociii MCHWY )IL03On H cloxacTHuecxHMH )4)()CKTaMH. 

llonpo6yeM npo:3lcclpallorntpoBam [IOfly4et-IHble zkaiflible Ha uenoBeKa 14 0LCHHTb 

pa)31{oOHOnor0uecIc14H DKBHBaJICHT IcaHueporel -moro 1e1CTBHH 1311 (P3K511) Ha ueJIOBeka. 

ECTeCTHCHHO, 'iTO np3lMa3I iccrpanoawrsi HOTIY4CHHhLX taHHbIx C MbILBOM Ha uenoBeKa 

3114 UpaBOMepHa. Botipoc 1101 CJIoa<eH H io KoHLIa ae pa3pa6OTaH. OurtH 113 B03MOH(HhLX 

I01X0OB 3KfllO ,4BTC$1 B y'iere Tor 0 oöcroalenbcraa. 410 B YCJ1OBLIHX 31<C11HMHT MblUib 

)KMBeT uojmu.ie, 'ieM B ecTecTBcltHIilx. C upyroit cropOHbt, 'iacm JI09e6 yMMpaer, He "yone-

oaa 3O>KBTh )O B03HHKH0BCHHH paica. RolToMy, '1C3I0BCK OKa3bIBaerC5I B HCCKOJIbKO pa 

MeHee qyBcTBllreJmHblM K B03)ILellCrsHIo 1311 no CpaBI-ICHHIO C 3KCflCHMCHTJ1b}1b1MH MbuuaMH. 
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1000 - 

560 

280 

no -- 	 - 	 -. 	 - 

0,01 	 0.1 	 1,0 1103a bil (MIi -/r lencax) 

Puc. I. Pa0U0t)U0A02UqeCKUU ')KHUS aAekT KaK4 pucew -ioru 0'43(a)  nupeBa. 

HaMOoJ-Iee rlplreMIIeMhlM iai npc TaB11aeIcsl MeloOt )KcIpafl0J13I1LHH, Y1H1b1Ba10W110  cit011-

TBHH10 'IaCTOTy paa T1BHOFO B1lt1a y  KOHKpCTI-iOH rpVrIflbr )1<U130THbIX H y qesloBeKa. flo 

JIOMY 110Ka3aeJ110 9yBCTBIITCIIbN0CIb KOHTpOJIbH0II rpytirfm MhlLueii - 14.3% - ocaasiac 

I1HMl-i0 B 5 paa BbIwe BCpOHTHOCTH yMepem or paa IFCrKHX, xapaKlepHoH B,TIB uace.ucHwf 

CCCP [Y. M0>fcHO flJ)e4n010icm, qio JTO oOCrosITeIlbcrBo oipaa(ael 4yBT1BHTe11bH0CTb 

MblliJll H llenoBe]<a 1< pa3)Th4HbIM 1Ja1cTopaM, Bbl3blBawIgHM pai< JIcrKHx. B TB1<OM cJly4ae, 

HcflOflb3yH HOJIyMCHH0e BBHCHHC H ytIHIbIBaB MeHbUJyIO 4yBc.TBHTe11bu0c1b 4enoBeKa, 

Mo)KHo oueHHm BhZXOA ooyxooeil ,'ieri4x y lle.00ReKa, 11ocTOBHuo patSoraioalero B yCiloBH34X 

LICHCIBYIOLLLHX B CCCP ILLUC Eli B B039YXC pa6o4Hx noMeoJeHFIB (15 M1<FJ tOO M 3 ). 

ono wreju,jx csiyaeB paa xleFKHx cociaBr 3,8%. ira BCIIW4MI-fa onpeLc11eHa 

143 YCJiOBHB, 410 4CJ10BeK pa6oraer 40 q B HCLWTI}0 B 14CHHC 30 clOT, }CO 3(X ) HLU1CHT 34CP)K1(B 

HbuTh B nerKHx 207tL, UpH OTOM 1-larpy3Ka Eli Ha JiCrKHe COCTaBn RCT 1,4 Mkr/r Jierecoro. 

lioHHJk1pyJouaB paOulawth oOyciloBl.ula (mi aHaclorlNHblH pIJCK ripit OOJIyBCHHII 	eKmaltoiTi 

JKBHBaJICHIHOO 2103011 B 380 oip 3a 30 cier, i.e. ocotio 13 03p/roo. Jia ae.1woHa a 2,5 paa 

BbILLIC 11MlIBT00 B HCTO$IWCC BCMH npeeiia 103h1 LOla ncpcot -lacla - 5 Op !~ roj [1 0. 

TaKHM o6pa3oM, P:3KhII npri 403e Eli B liCrIclix 1,4 MKF/r iiearnt, olpat4caloweu [tp0I131304-

CTBCHHbLC yciloBuB, paRCH 380 Op. AHwtorwlllblit pacei tuisi ILLU< Eli B alMocciJepHoM 

Bo3yxe liaceJlellHbix MCCI (0,1 MKr/lOO M 3 ) noKa3blBaer, 1110 aa 50 ;ICT go3a Eli B JICr0 1IH0i{ 

1KHH cocraBHI 0,07 MKr/r TKaHH, a Bh(X021 oflyxoocit JIC[KHX y L1Ca0BCK a - 2,15%. TaKo1) 

MCK COOTBCTCTBCT 061154H1110 OpraHI-13Ma 210300 B 215 Oop. B Hacroaulee UCMH CMCTH0CTh 

01 paKaIICrKBX COCTaBJIBCT 2,87 or qcoa BCCX yMepu.Blx 10111 250 CYI11CB ua lOCIieJloBeic 

B roo [9]. OTcJo21a CMCJIYCT, 1110  paCCLIHT,9HH0MY PHCKYHa YPOBHC 2,15% Oy21eT C00113CT-

C1B0BTb 01<0110 200 csly4aea Ha 106 
4e210BCK B F021, 9T0 JKBHBaJICHTHO B03oIeucTB1iI0 1101111- 

py10U.CH palJHauBlt 11H xtoae 2 €lop!i-oti.  Ta12HM o6pa3oM, HLIK ELI B BTMOCCPHOM B03-

Ilyxe HaccIleHl±blx MCCT oOycJloBmlBaeT pricK, K0T0bIH B 4 paa BaILIIC 21e1-lcTByIolltero HOp-

MaIBBa flpeLleJla 1103b1 LUIR OTLIC11bHbIX rpynrr HaceneIwsI 	0,5 5op/1`04 [10] . CoorHomeririe 

eaooy 2103M11 EU B 11CUKHx 11 C00TBCTCIBYIOUtI4M paj,H0O1tOJIOrH4CcKHM 3KB14BaJICIIT0M 

npe21CTaBtleri0 Ha pHC. I. iTO C00THOl1ICHH IIO3BOJTBCT onpeOCclHTb .L103y EU. 21CKBBIHYI0 

HO KaHrlcporeuHoMy lqJ4exTy oaHlIoli JKBBBaJ1eHTH0H 03e HOHH3HpyTouJCM pajLrlan,HH 14, 

Ha000por. Bbl311Tb itaiiyio ooay Eli B caNHHLia x 3KBHBajICHTH01) 1103M (Ho KPI4FlLl MCPC 
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B PaMKax H3y'IC1lI-I0r0 Jj3tana3onIa 1103 hIt). Tai<, aoa BU, aaeKBaTHaR 100 cup 0 311) 

paiiaripepBo 0,01 Micr!1 TRalili jierKux, a P31<011 p.na 0,073 MKF/L-  TKaIlH paBel-1 Ilpu-

Mepiio 200 ft)p (2 3u). 

[I000citeliHoc uccjicitoitauue 110Ka3bloaeT, 'Ito cywecToylomlie  BO MIiorWX iopoaax 

flp0Mb1I.UJ1OHH0 pa3BuTbIX crpal-1 KollLtelITpawtu hI! B B03YXC oOycJlaBnHBaHir B 1{eCKOJLbuO 

pau OoJlb[UitM POCK pai<oBbIX 3aiioJIeBaHt4It, "Ni H0PMUBb1 ua YpoB 	o6iy'ieuwt itoHu- 

itpyioiitea paii4lattlleIl. 

.LtajmHeltulHe uccrleaoBaHwI ftOJt)KHbi 1103BOJlWfb yToBHIirb CBH35 meway ELOBOtI H t4. 

eKTOM WIB bli y  uKtHlepIIMeHTaJlbHblX )f(I1B0THbIX It 4eJloBeKa, aam B03MO)KHOCTb 11porl{0 -

314p0lialb uaOoJieBaeMoerb paKOM JTCUKHX B 3a.B14CI4M0CT14 or KoHIteHTpawii bIT B Bouayxe It 

1OUHl1Tb 1(eacTBy101uue I-iopMaTFIttbl Ha hft 
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DISCUSSION 

K. SUNDARAM: Your paper is most interesting. I am not entirely sure what 
is meant by radiation dose, however. Does it refer to the radon dose equivalent to 
the lung? From the public health point of view, it might be useful to compare the 
B(a )P with the ambient radon concentration. 

R.M. BARKHUDAROV: The ionizing radiation dose with which the effect of 
the B(a)P is compared here means a uniform whole-body dose or the effective 
equivalent dose as defined in ICRP Publication 26. 
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K.G. VOHRA: The concept of radquivalence of B(a) P is most useful for the 
assessment of the comparative hazards of ionizing radiations and chemicals produced 
by the combustion of fossil fuels. We too considered it a few years ago. 

it is very important that the particle size of B(a)P be taken into account in 
assessing its rad equivalence. A large proportion of B(a)P particles in autemobile 
exhausts are of respirable size, for example, and this is of concern when considering 
the carcinogenic effects of urban air pollution. What was the particle size used in 
your studies? 

R.M. BARKHIJDAROV: The amount of B(a)P retained in the lung does, of 
course, depend on particle size. However, in the equation we derived to describe 
the dose-effect relationship for BP the main variable is not the concentration 
of B(a)P in the air but the amount retained in the lung - in other words, the 
equation does not depend on particle dispersion. The average activity median 
aerodynamic diameter (AMAD) of the particles in our experiment was 5.9gm. 

R. WILSON: Have you tried to relate your work to the incidence of lung 
cancer in humans due to the intake of B(a)P from cigarette smoking? 

R.M. BARKHUDAROV: If our extrapolation method is accepted, the results 
of our research make it possible in principle to assess the potential carcinogenic 
effect on the lung from any source of B(a)P intake to that organ, including cigarettes. 
However, we did not perform calculations specifically for the latter. 

G. ZIMMERMEYER: Your data on inhalation are very interesting because 
this is one of the few studies which have examined the inhalation effects of B(a)P 
on animals. The first study on this subject was carried out in the Federal Republic 
of Germany, where hamsters were exposed to even higher concentrations of B(a)P 
up to the mg/rn 3  region), but did not show a significant increase in the incidence 
of lung cancer. However, these findings, which are supported by other work, 
would give a curve comparing ionizing radiation with chemicals with a much 
smaller slope than the curve you showed. If your curve is to be considered valid, 
therefore, the statistical significance of your data has to be given. 

R.M. BARKHUDAROV: Hamsters are not a good choice for experiments 
on lung cancer induction. As is well known, spontaneous lung cancer is virtually 
non-existent in hamsters and we therefore think that there are no justifiable 
grounds for extrapolating experimental results to man. The low sensitivity of 
hamsters to the induction of lung cancer seemed to be the reason why no reliable 
effect was found in the experiments to which you refer. In our experiment with 
mice the number of animals in each group was about 70. The difference in the 
effect as between the experimental and control groups is statistically reliable, 
the level of significance being 0.05 to 0.01. 

M. EL DESOUKY: What was the threshold limit value of B(a)P in the working 
environment? How frequently is this monitored, and what control measures are 
used to protect workers? 
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R.M. BARKFLUDAROV: In the Soviet Union, the maximum permissible con 
centration of B(a)P in the air of industrial facilities is 0.015 pg-m 3 . The 
concentration is monitored by taking air samples for filters and then measuring the 
B(a)P content. Protective measures consist mainly of preventing the B(a)P from 
entering the air. No cases have been recorded Ohere the maximum permissible 
concentration has been exceeded in industrial facilities. 

H. JAMMET (Chairmat): On what basis are B(a)P concentration limits established 

in the USSR? 

R.M. BARKHUDAROV: These are established on the basis of experimental 
results which are extrapolated to man. 
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Abstract 

SENSITIVE INDICATORS IN THE DETECTION OF COAL-WORKERS' PNEUMOCONIOSIS. 

Twenty retired West Virginia coal-miners, who presented with respiratory symptoms or 

radiological changes consistent with coal-workers' pneumoconiosis (CWP), participated in a 

study to identify changes in pulmonary function which occur on exposure to coal dust and 

to develop improved methods for the early detection of CWP. They underwent a comprehensive 

series of studies to assess their medical, physiological and biochemical status. All the miners 

were life-long non-smokers with a mean age of 58.5 years and an average of 34.1 years exposure 

to coal dust. All had dyspnea on exertion, but physical examination showed only minor 

abnormalities. Chest X-rays showed varying degrees of impairment, ranging from complicated 

CWP to no detectable lesions. Conventional pulmonary-function tests were supplemented by 

measurements of the distributions of inspired gas (V), pulmonary blood flow (Q), and lung 
volume (V), using Kr-SI m, Tc-99m macroaggregate and Xe-l27, respectively, to determine 
regional abnormalities in lung function. A computer analysis of the regional distribution of 

was performed, for which the lungs were divided into 6.5-mm X 6.5-mm pixels. The 

average difference between the values of V/V for each pixel and its four nearest neighbours 

was then determined. The mean overall value of these differences for all pixels in both lungs 
was used as an index of the degree of V non-uniformity. Pulmonary impairment was measured 

at the level of the small airways of the lung in all miners, even in the presence of normal chest 
X-rays. This impairment was characterized by a non-uniform distribution of ventilation 

(Kr-81m scans); abnormal gas exchange manifested by increased alveolar-arterial oxygen 

gradients; and obstruction to air flow in the small airways. In contrast, conventional 

spirometric measurements were within the predicted normal limits and the steady-state CO-

diffusing capacity at rest was reduced in only four miners. A mean ventilation non-uniformnily 

index of 0.179 ± 0.027 demonstrated that "/V for the miners was more non-uniform than 

that of six normal volunteers who had an index of 0.149 ± 0.003 (P <0.001). 

* Research supported by the US Department of Energy under 

Contract No. DE-ACO2-76CIi00016. 
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I. INTRODUCTION 

Occupational disease in coal miners is a major concern in 
the assessment of health effects from different energy options. 
With the projected increase in the use of coal in the U.S. over 
the next few decades, it is clear that an increasing number of 
miners may be exposed to coal dust and suffer from coal-workers' 
pneumoconiosis (CWP), unless: (1) working conditions improve 
markedly, or (2) early evidence of impending complications can 
be obtained, and preventive action taken in the management of 
those individuals. Unfortunately, CWP is not manifested by ob-
vious symptoms to the affected miner in the early stages of the 
disease, and thus there may be no early warning. Even chest x-
rays, which are still the principal basis for the diagnosis of 
CWP, do not show changes in the lungs until the disease is well 
established, or after complications such as emphysema, chronic 
bronchitis, or pulmonary fibrosis have occurred. Pulmonary-
function screening tests routinely used to detect pulmonary dis-
ease are not usually helpful in diagnosing the early stages of 
CWP LIJ, probably because they measure functional changes pri-
marily caused by large-airway obstruction or restrictive dis-
ease. On the other hand, changes in pulmonary gas exchange 
have been found in simple CWP, even in the absence of impaired 
ventilatory function 2j. These results indicate that regional 
lung abnormalities are present in early CWP which cannot be 
evaluated properly with studies of the overall pulmonary func-
tion. Further evidence for this is provided by a study of sim-
ple CWP using radioactive tracers, in which abnormalities in 
the distributions of pulmonary ventilation and perfusion were 
found to be the only measured functional impairment !31. Since 
at least 10% of the miners ultimately develop CWP L4J, the prob-
lem is a serious one and improved diagnostic screening testS 
are badly needed. 

A joint Brookhaven National. Laboratory and Marshall Uni-
versity investigation is currently underway to identify changes 
in pulmonary function which occur in miners exposed to coal 
dust prior to the development of symptoms, and to develop 
methods for the early detection of the disease. 

2. METHODS 

All subjects were selected for this study by a physician 
at Marshall University. They were retired coal miners with 
more than 25 years of exposure to coal dust. All were life-
long non-smokers and presented with respiratory symptoms or 
radiological changes consistent with CWP. They underwent a com-
prehensive series of studies to assess their medical, physiolog-
ical and biochemical status during a five-day stay at the 
Hospital of the Medical Research Center at Brookhaven. These 
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studies included a complete physical examination and medical 
history; laboratory analyses of blood, urine, stools and 
sputum; electrocardiogram; chest roentgenogram; spirometry, to 
measure lung volumes (vital capacity (VC), residual volume 
(RV), total lung capacity (TLC), and functional residual capac-
ity (FRC)), 1-sec forced expiratory volume (FEV1), and maximum 
midexpiratory flow rate (NMF); closing volume (CVIVC); peak 
expiratory fl9w rate (Vmax)  and flow rates at 50% and 25% VC 
(Vmax  50 and Vma, 25 from maximal flow-volume loops; body 
plethysmography to measure airway resistance (RAW) and thoraci.c 
gas volume; lung compliance; gas exchange at rest and during ex-
ercise with a bicycle ergometer; steady-state CO diffusion 
(DLCO) at rest; and nuclear medicine studies with radioactive 
tracers to measure regional ventilation and perfusion. 

Predicted values for lung volumes were obtained from 
Goldman and Becklake (5); FRC from Boren et al. (6J; FEy1 from 
Kory et al. L7); Vmax  from Leiner et al. 8); MMF from 1orris 
et al. (9J; v1 	50% from Cherniack and Raber L 10 ); V-ax 25% 
from Bass 11J; and CV from Susskind et al. (l2j. 

2. 1. Nuclear medicine studies 

Regional pulmonary blood flow was measured with radio-
active Tc-99m labeled macroaggregates (MAA) injected intra-
venously, while regional ventilation was measured by continuous 
inhalation of the very short-lived radioactive Kr-Blm gas. The 
distribution of lung volume was measured following the inhala-
tion and equilibration of radioactive Xe-127 gas. The 13-sec 
half-life of Kr-81in makes it ideal for obtaining lung views of 
regional ventilation during continuous tidal breathing, which 
can then be compared with the corresponding perfusion views. 
The short half-life of Kr-81m, relative to the transit time 
required to reach the alveoli, ensures that the images will re-
flect primarily the distribution of regional lung ventilation. 
Since airway obstruction increases the transit time, some of 
the gas will have decayed before reaching the alveoli distal to 
airways with moderate to severe obstruction. Those regions 
will then be represented by darker areas on the images. How-
ever, the short half-life precludes equilibration of Kr-81m in 
the lungs. The 36.4-d half-life of Xe-127, on the other hand, 
permits its equilibration in the lungs, followed by its subse-
quent washout. The distribution of Xe-127 at equilibrium is 
tierefore a measure of regional lung volume. Delayed washout 
indicates obstructive airway disease. 

The miners breathed through a mouthpiece attached to a 
three-way non-rebreathing valve. The nasal passages were 
closed by an external clamp. A steady flow of 25 ml/min of 
air flowing through the Rb/Kr generator to elute the Kr-81m was 
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mixed with room air inspired through the inlet valve port. The 
expired air exited through the outlet valve port and was vented 
through a disposable plastic hose. 

Scintiphotos of the Kr-81m ventilation images were ob-
tained in the posterior, anterior, and right and left posterior 
oblique positions, and were interdigitated with Tc-99m MAA per-
fusion images. Scintiphotos containing 500 000 counts were 
acquired for optimum information density and the data stored on 
magnetic tape for each ventilation and perfusion image. 

The Xe-127 ventilation studies were carried Out with the 
miner rebreathing through a rubber mouthpiece attached to the 
inlet of the recirculating spirometry system. The nasal pas-
sages were closed by an external clamp. CO2 was removed with 
soda lime and 02 automatically introduced as required to main-
tain a constant volume during the equilibration phase. The 
miner was seated in front of the scintillation camera, with the 
posterior chest against the collimator face. After a suitable 
subject-training period backgrouno counts were collected for 

1 mm, and then the radioxenon was injected as an5-mCi bolus 
directly into the mouthpiece as the miner was inhaling slowly 
to TLC. This first deep inspiration was held for 20-30 se 
after which the miner resuird normal breathing for 6 mm, to 
equilibrate the concentration of radioactive xenon in the lungs 
and spirometer. A second 20-30 sec breath-hold at TLC was 
obtained just before washout, which was then carried out for 
5-10 mm. The gas was vented through a charcoal trap to remove 
the Xe-127. 

Scintiphotos were obtained at TLC during the first deep 
inspiration and again after equilibration. Then continuous I-
min scintiphotos were obtained during tidal breathing sequen-
tially at equilibrium and during the washout of radioxenon. 
Computer acquisition at 5-sec intervals was carried out during 
the entire study. The four Tc-99m-MAA and Kr-81m images were 
then compared with Xe-127 images in the posterior position ob-
tained from the inspiration of the initial tracer bolus during 
a 30-sec breath-hold, after equilibration, and for the first 5 
min.of washout (FIG. 1). 

2. 1. 1. Computer analisis 

The Kr-81m and Xe-127 distributions for each miner were 
subsequently analyzed with a CDC 7600 computer and displayed on 
a 64 x 64 matrix with a gray scale for comparison with the 
scintiphotos. The posterior Kr-Slm images were normalized to 

I curic 	3.7 )< i' °  Bq. 
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FIG] Scinliphotos obinncd with Te-99m, Kr-817n and Xe-127 for a 64-year-old miner 

with 38ars exposure to coal dust. The Xe-Id7 images were obtained in the posterior 

position. Peripheral irregulurtws ,nav be seen on the Ar-8]m and Te-99rn inages. Xe-id 

washout was normal. 

500 000 counts, as were the 1-mm Xe-127 images obtained during 
tidal breathing at equilibrium. Each lung was divided into 
6.5-mm x 6.5-mm-square areas (pixels) (FIG. 2). The point-by 
point Kr-81m values were then corrected for lung volume by 
dividing them by the corresponding Xe-127 activities at equilib-
rium. The results for each pixel were thus approximately pro-
portional to ventilation per Unit lung volume (V/VA). 

Since CWP is manifested by the relatively small, but wide-
pread, distribution of focal damage, and the distribution of 

V/VA was found to be irregular - both horizontally and verti-
cally (FIG. 2), the degree of this ventilation nonuniformity 
was used as an index to indicate the degree of nonuniformity of 
ventilation. It was determined as follows (FIG. 3): 

The value of u/VA was determined for each pixel. 

The average of the differences between the va'ue of 
V/VA in each pixel and that of its four nearest-neighbor 
pixels was determined. 

87877 
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FIG.2. ]'ixel-bv-pixel distribution of V V A  (Kr-8] m aetisity divided by Xe-12 7 activty) 

determined by computer analysis for the ioner described in Fig.!. The horizontal and vertical 
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FiG. 3. The mean V/ V difference  is determined between a pixel (shaded and its four nearest 

neighbors, as shown in the schematic. The non-uniformity index is then calculated from the 

overall mean for all the pixels in the lung. 
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TABLE I. PATIENT CHARACTERISTICS 

Exposure to 	Chest 	 Productive 
Sub ject Age (yr) Coal Dust (yr) X-Ray 	Dyspnea 	Cough 

1 	62 	 37 	PMFA 	2 	 - 

2 	58 	 39 	Normal 	3 	 ++ 

3 	54 	 27 	q/q 0/1 	5 	 - 
4 	61 	 30 	Normal 	4 	 - 
5 	62 	 40 	q/q I_/I 	3 

6 	63 	 40 	p/p 0/1 	2 	 - 

7 	64 	 38 	Normal 	2 	 - 
8 	65 	 32 	q/q 0/1 	2 	 + 

9 	54 	 33 	?MFA 	2 	 + 

10 	60 	 44 	p/p 3/3 	4 	 - 
11 	43 	 27 	Normal 	2 	 - 

12 	54 	 34 	Normal 	2 	 - 
13 	57 	 32 	p/p 1/I 	5 	 + 
14 	51 	 33 	Normal 	5 	 + 

15 	61 	 26 	Normal 	4 	 + 

16 	61 	 32 	NIP A 	4 	 + 
17 	65 	 40 	Fine 	 3 	 ++ 

linear 
dens it es 

18 	65 	 32 	Normal 	5 	 + 

19 	58 	 35 	Fibrosis 	4 	 + 

20 	51 	 30 	r / r ill 	4 	 + 

Mean 	58.5 ± 5.8 34.1 ± 5.0 
± s.d. 

Grade 2: Short of breath walking up smaLl hill 
Short of breath walking on level ground with people 
of same age. 
Short of breath walking 1/4 mile an level ground in 
15 mm. 
Short of breath performing minimal physLcal activity. 

3. The overall mean of these individual adjacent- 
neighbor differences for all pixels was calculated and consti- 

tutes the index of nonuniformity of venti.lation. 

3. RESULTS 

Twenty retired non—smoking coal miners participated in 
this study. Their mean age was 58.5 ± 5.8 years (y) (range: 
43-65 y), and they.were exposed to coal dust for an average of 
34.1 ± 5.0 y (range: 26-44 y) (TABLS I). Eight miners had nor-
mal chest x-rays, while the remainder showed varying degrees of 
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TABLE 11. RESULTS OF PULMONARY FIJNCTION 
MEASUREMENTS 

Percent of Predicted Values 

Vital Capacity 
Residual Volume 
Total Lung Capacity 
Functional Residual Capacity 
FEV1 
FEV1/FVC 
Maximal Voluntary Ventilation 
Airway Resistance 
Maximum Midexpiratory Flow Rate 
Maximal Expiratory Flow Rate 

at 50% VC 
Maximal Expiratory Flow Rate 

at 25% VC 
Closing Volume/Vital Capacity 
Static Compliance 

Mean ± S.D. Range 

106.1 ± 12.6 93.6 	- 118.7 
89.8 ± 23.8 66.0 	- 113.6 
99.3 ± 11.8 87.6 - 111.1 
90.9 ± 17.6 73.4 	- 108.5 
91.0 ± 11.5 79.5 	- 102.5 
95.6 ± 6.7 88.9 	- 102.3 
96.2 ± 23.7 72.6 	- 119.9 
74.2 ± 21.9 52.3 	- 96.0 
74.1 ± 22.3 51.8 	- 96.4 

62.1 ± 21.0 41.0 - 83.1 

61.5 ± 26.4 35.1 	- 87.9 
134.0 ± 22.5 111.5 	- 156.5 
132.8 ± 54.4 78.4 - 187.2 

impairment, ranging from p-type opacitLes to complicated CWP 
(ILO 1979 classification). All patients had dyspnea on exer-
tion 1  varying in severity between grades 2 and 5, as defined in 
the table. Only 12 of the group had a productive cough. The 
physical examLnation showed only minor pulmonary abnormalities. 

Conventional measurements of VC, RV, TLC, FRC, FEy 1 , FEy 1  
as percent of the forced VC, 4VV and RAW were all within nor-
mal limits (TABLE LI). In contrast, one or more of the follow-
ing measurements of MNF , ~max 50' umax 25 or CV/VC was abnor-
mal in 18 miners, indicating small airway obstruction. The 
static compliance of six of 12 miners tested exceeded 0.300 
liters/cm H20, and the dynamic compliance decreased as the res-
piratory frequency increased to 60 breaths/mm. in six of them. 
In normal subjects the compliance does not change with the res-
piratory rate. 

Abnormal results were obtained in all gas-exchange stud-
ies, with increased alveolar-arterial 02  gradients (P(A- a)02) 
and hyperventilation (TABLE III). Although P(A-a)02 was normal 
in five of the miners at rest, it became abnormal during physi-
cal exercise. In three of them the arterial CO2 tension 
(PaCO2) was also reduced at rest. However, steady-state DLCO 
was reduced in only four miners at rest. No clear trends were 
found from the exercise studies. In some cases, the miners' 
hypoxemia and hyperventilation became worse, with progressively 
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TABLE Ill. RESULTS OF GAS EXCHANGE AND VENTILATION 
MEASUREMENTS AT REST 

Fa021  P(A-a)02, PaCO 2 , Ventilation 0LCQ 
Subject MM Hg nan hg m Hg Nonuniformity % Predicted 

1 74 36 37 0.168 66 
2 67 23 38 0.196 77 
3 63 70 24 0.226 82 
4 80 27 41 0.157 108 
5 82 33 34 0.156 112 
6 81 29 30 0.211 99 
7 79 27 39 0.205 127 
8 83 31 34 0.171 45 
9 64 52 32 0.221 57 

10 82 27 36 0.176 96 
11 94 16 35 0.169 124 
12 78 36 31 0.187 118 
13 92 19 33 0.179 104 
14 92 21 32 0.143 105 
15 88 17 33 0.144 150 
16 100 18 30 0.134 91 
17 88 18 35 0.162 150 
18 88 30 31 0.187 140 
19 70 41 31 0.219 111 
20 91 22 31 0.166 123 

Mean±s.d. 82±10 30±13 33±4 0.17±Q.O27 104±29 

decreasing arterial oxygen tension (Pa02) and increasing 
P(A-a)02 1  while in other cases the opposite occurred. 

The results of the ventilation and perfusion scans veri-
fied the minimally obstructive character of CWP (FIG. 1). Most 
of the Kr-81m ventilation images showed only peripheral irregu-
larities. Significant segmental defects were found in only 
four miners. Of the 20 miners studied, only seven had minimal 
Xe-127 retention after S win, of washout, one with diffuse reten-
tion and six with retention primarily in the bases. The apical 
regions were underperfused, resulting primarily from the Tc-99m 
MAA injection while the miners were seated upright. The per-
fusion and ventilation images were matched in 15 cases. Venti- 
lation but no perfusion defects were found in three miners, 
and perfusion but no ventilation defects in two miners. 

The mean value for the ventilation indices for the 20 
miners, indicating their degree of ventilation nonuniformity, 
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FJG.4. Correlation of aiceolar-arterial oxygen gradient and the non-uniformity index for coal-

miners and normals. 

was 0.179 ± 0.027 (range 0.134-0.226) (TABLE III). A simi-
larly determined mean value obtained from six healthy volun-
teers, ranging in age from 31-67 y (mean of 42.7 ± 12.9 y), was 
0.149 ± 0.003. The mean CWP value was statistically different 
from that of the normals at the level of p < 0.001. There was 
no overlap for 17 of the miners with the normal data. The 
other three miners will be discussed below. 

The degree of nonuniformity in ventilation correlated 
well with such overall measures of gas exchange as ?(A-a)02 and 
Pa02 at rest. The P(A-a)02 for both miners and normals varied 
directly with the degree of ventilation nonuniformity (FIG. 4).. 
The equation for the best-fit line through the data for the 
miners and normals was: 

P(A-a)0 2 = 405.05(VN) - 44.32 

r = 0.77 

P < 0.001 

where VN is the nonuniformity index. 

The results for the normals are located in the lower 
left-hand corner of the graph, while miners with increasing 
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P(A-a)02 also had increased nonuniform ventilation. The three 
miners mentioned above, who had indices that fell into the nor-
mal range, also had normal P(A-a)02 at rest. 

4. DISCUSSION 

Functional pulmonary impairment, which could be quanti-
tated, was found in all cases in a detailed examination of a 
group of 20 West Virginia coal miners. The miners' dyspnea and 
other respiratory symptoms were assumed to be caused by coal 
dust since they had an extensive exposure history, and no other 
abnormalities were found to explain them. It is important to 
note that all of them were life-long non-smokers, so that the 
effect of cigarette smoke either by itself or in synergism with 
coal dust could be eliminated as a potential factor influencing 
the results. This findingis in agreement with the study of 
Jacobsen and co-workers(13,14), who found significant associa-
tions between exposure to coal dust and CWP in non-smoking coal 
miners. On the other hand, Morgan at al. (15)  and Rom at al. 
(16J believe that the effect of cigarette smoke is more signif-
icant than that of coal dust in causing pulmonary impairment. 
In addition, the miners exhibited the usual symptoms associated 
with CWP - significant dyspnea in all cases, productive cough 
in 12 men, and normal chest x-rays in eight men. Neither the 
grade of dyspnea nor the x-ray findings correlated well with the 
results of the physical examination or with the functional res-
piratory or gas-exchange measurements. 

Impaired gas exchange was found to be the most signifi-
cant functional, measurement, being abnormal in all miners - 18 
already at rest and the others during subsequent physical exer- 

cise. All had increased P(A-a)0 2  and were hyperventilating 
(reduced PaCO2 and increased alveolar ventilation). We were 
able to verify the results obtained from overall blood and air 
sampling with a very sensitive technique using a computer anal-
ysis of the local distribution of ventilation with radioactive 
Kr-81in and Xe-127. Since CWP is characterized by relatively 
small but widespread focal damage, the degree of ventilation 
nonuniformity obtained from the individual pixel values through-
out the lung could be related directly to their P(A-a)02. The 
miners with the greatest gradients also had the most nonuniform 
distributions of ventilation. Conversely, those with normal 
gas exchange at rest also had normal ventilation. Only four 
miners had diminished OLCO at rest in addition to the ventila-
tion abnormality. 

Our results agree with those of Robience et al. (3, who 
found that CWP does not result in a significant decrease in 
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overall ventilatory function. Exposures to coal dust In under-
ground mines ranging from 26 to 44 y produced no obstructive 
involvement of the large airways. The measured values for lung 
volumes, FEV1, MVV, Vm 	and RAW fell within normal limits in 
all cases. On the other hand, we found measurable functional 
impairment of the small 1irways. In 18 of the 20 miners tested, 
measured values of MMF, Vmax 50 and Va, 25 fell below 75% 
of predicted values, CV/VC exceeded the predicted mean values 
by two standard deviations, or dynamic compliance was frequency 
dependent. These findings were also confirmed by the ventila-
tion and perfusion studies (FIG. 1). While abnormalities were 
found in the Kr-81m and Xe-127 images, these were generally 
peripheral irregularities in ventilation with minimal Xe reten-
tion during gas washout, rather than being segmental defects. 

In summary, pulmonary impairment was measured in all 
miners at the level of the peripheral airways. These included 
a nonuniform distribution of ventilation as seen in Kr-81m 
scans; abnormal gas exchange manifested by increased P(A-a)02; 
and obstruction to air flow in the small airways. In contrast, 
conventional spirotnetric measurements were within the predicted 
normal limits, and DLCO was reduced in only four miners. Gas-
exchange abnormalities correlated well and positively with the 
degree of nonuniformity in ventilation (r'0.77). 
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DISCUSSION 

S.R. BOZZO: Do you consider blood electrolytes to be an indication of a 
long period of hyperventilation'? 

H. SUSSKIND: I would expect this to be the case, although we have not 
compared the results for these subjects. However, we have measured the CO 2  
partial pressure in arterial blood, which is below the normal values and which, 
together with an increased minute ventilation, indicates that the subjects are 
hyperventilating. 

M. EL DESOUKY: Do you think that the technique you describe could be 
used as a screening test? What would be the requirement in capital and running 
costs for such an installation? The requirement in terms of manpower and 
training seems prohibitive. 

H. SUSSKIND: Our studies are still in the early stages and we are attempting 
to identify changes in lung function as a result of CWP. In this connection it is 
important to point out that we were able to correlate the results obtained from 
overall blood and air samples with the local (point-by-point) changes in the 
distribution of ventilation measured with radioisotope tracers, thereby verifying 
that gas exchange, which was found to be abnormal in all 20 non-smoking 
miners, was the most significant functional measurement. 

Incorporation of this approach into a screening procedure could follow later, 
since it could be used as part of an expanded nuclear medicine study to measure 
ventilation and lung perfusion. These studies are routinely used at the moment 
to assess a patient's pulmonary functional status, to detect pulmonary embolism, 
to determine whether a patient will benefit from lung surgery and so on. Many 
hospitals have nuclear medicine facilities including associated computers and the 
necessary supporting staff. I would estimate the cost of the gamma camera and 
computer at US $100 000 and the cost of an examination at US $500. 

M. EL DESOUKY: Are the changes reported specific to coal-workers' 
pneumoconiosis, and what was the silica concentration of the dust to which these 
workers were exposed'? 

H. SUSSKIND: The changes we measured were caused by impairment of 
lung function, in this case from the inhalation of coal dust. However, we have 
also obtained similar results for impaired gas exchange in patients with other lung 
diseases. I'm afraid that I don't know the silica levels in the coal dust inhaled 
by these miners. 
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F.A. SElLER: Are you making any efforts to estimate the total exposure 
and, ultimately, the amount of coal dust deposited in the lungs of subjects? 

H. SUSSKIND: We have no information that permits us to estimate their 
total exposure to coal dust other than the total number of years they worked in 
the mines. We are investigating possible techniques (such as whole-body activation 
and magnetopneumography) to measure the in-vivo lung burdens of coal dust but 
these require further study. We are also proposing to carry out longitudinal and 
cross-sectional studies of coal mines which will include accurate measurements of 
the concentrations and particle sizes of coal dust in the mine air. 
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Abstract 

SYNERGISM OF SO, AND BENZO(A)PYRENE CARCINOGENESIS: SUMMARY. 

The inhalation of pure polycyolic hydrocarbon by experimental animals has not yielded 

bronchogenic carcinoma to the extent expected. Operative and installation techniques which 

both damage bronchial epitheliuni and expose it to sustained dosage ol polycyclic hydrocarbon 

have been productive of large numbers of tumours of the desired type. Reasoning that an 

inhaled chemical irritant might he an effective adjuvant to inhaled carcinogens, the exposure of 

animals to sulphur dioxide and benzo(a)pyrene (B(a)P) was combined, A variety ol patterns or 

combination of these two materials was used with differences in the extent and duration of 

exposure to sulphur dioxide. Cancer incidents appeared to vary directly with the severity of 

irritant exposure when the exposure to carcinogen was held constant. The role of combined 

factors was further supported by a series of experiments in which intratracheal installation of 

carcinogen was combined with inhalation of sulphur dioxide in hamsters, Tumours induced 

by the inhalation of sulphur dioxide and B(a)P were squamous cell carcinomas of bronchial 
origin with striking invasive properties locally and occasional distant metastases. Concentrations 

were high (10 mgm 3  of B(a)P and 10 ppm of sulphur dioxide). However, an incidenceof 207'. 
in a small group of 46 rats may have significant implication for larger population groups exposed 

to simiutar combinations occupationally or by way of more widespread general air pollution. 

DISCUSSION 

L.D. HAMILTON: I congratulate you on your clear exposition of these 
important observations. As they are based on small numbers of animals, I would 
like to have the results broaght to the attention of the international community 
concerned with the health implications of energy generation in order to encourage 
the prompt repetition of your investigations with larger groups of animals. We 
are hoping to undertake this task at Brookhaven. Such studies are urgently needed. 

* The complete text was not submitted for publication. 
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M. KUSCI-INER: Thank you. I understand that the studies at Brookhaven 
you refer to envisage a determined examination of the effects of variations in the 
dose levels of SO 2 , with exposure to the carcinogen kept at a constant level. 

K.G. VOHRA: It is most interesting to see the results of the synergistic 
effects of B(a)P and SO 2  in experimental animals. I would like to ask a basic 
question regarding the relevance of animal experiments with doses of B(a)P almost 
a million times higher than environmental doses. There are large variations in the 
susceptibility of human beings to the induction of cancer by any carcinogen. The 
effect is essentially stochastic. How do we reconcile animal experiments at very 
high doses with this situation? 

M. KUSCHNER: The problem of the extrapolability of high-dose animal 
data to long-term low-dose human exposure is one which haunts all our efforts 
at meaningful bioassay. I would hope that Dr. Albert's paper (IAEA-SM-254/66) 
in this session will help to shed some light on this very important question. I should 
point out, however, that while 10 mgm 3  of B(a)P is indeed a very high dose, the 
3-10 ppm of sulphur dioxide does not exceed some occupational levels by much. 
It may well be that the results we have reported are particularly relevant to work-
place hazards. 

A.P. LI: I am interested in the mechanism of SO 2  co-carcinogenesis. One 
model for this, based mainly on findings with skin carcinogenesis, is the two-stage 
initiator-promoter model. Do you plan to study the SO 2  co-carcinogenesis 
mechanism in this way? 

M. KUSCHNER: I am not at all certain that the classic order of initiation 
followed by promotion would occur in the experiments we have reported. The 
simultaneous or concurrent exposures led us to use the less specific term 
co-carcinogenesis'. I think our original idea of simply altering the effective dose 

of the carcinogen by interfering with clearance was rather naive. I would not 
dismiss the direct genotoxic action of sulphite as a factor. 
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Abstract 

VALIDITY OF LOr1G-TERM AND SHORT-TERM ASSAYS FOR CARCINOGENESIS. 

The health hazards associated with energy systems by and large involve chronic iow.level 
exposure to toxicants. The widespread assumption of a linear non.threshold dose-response 
relationship for carcinogens makes this class of agents of particular concern. In carrying out 
risk assessments for environmental exposures to suspect carcinogens, much reliance is necessarily 
placed on long-term and short-term laboratory bioassays as a basis for making both qualitative 
and quantitative judgements about the nature and magnitude of the carcinogenic risk. The 
validity of these tests as predictors of carcinogenesis in humans at low levels of exposure may 
depend on the extent to which the target organ is promoted either extrinsically or intrinsically. 

The justification for the use of rodent bioassays for carcin-
ogens is that, of the carcinogens known to cause cancer in humans, 
most cause cancer in rats and mice (I). Hence, positive results 
in rats and mice are taken to be evidence that the agents which 
produce these results are likely to be human carcinogens. Short-
term bioassays, particularly DNA interaction and mutagenesis, 
are regarded as supportive evidence for animal bioassays and not 
decisive evidence in themselves (2) 

Risk assessment for suspect carcinogens involves two aspects 
(a) the qualitative judgment that an agent is or is not a likely 

human carcinogen and (b) a quantitative estimate of the amount of 
cancer likely to be produced by the agent given an estimate of 
exposure. 

At the present time in the EPA and FDA, the quantitative 
assessments are done by use of the linear non-threshold 
dose-response relationship on the grounds that it has some basis 
in scientific fact and also that it provides a plausible upper 
limit for risk assessment (3) 

The problem with using animal or human data to estimate risks 
is that the level of risks of cancer for carcinogens in the environ-
ment is far below the level which is detectable by direct observa-
tion. No dose-response model can be validated directly. In order 
to gain a better insight into the validity of using animal bioassays 
for quantitative risk assessment, we attempted to dissect the car-
cinogenic process by use of the two-stage initiation-promotion 
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mouse-skin model. This model shows that the carcinogenic process 
can be divided into two stages: the initiation stage,which is 
immediate and permanent like a mutagenic event, and the promotion 
stage, which requires continual application of a promoting agent 
which is not necessarily a carcinogen. 

The results of some experiments on mouse skin, presented here, 
show that the linear non-threshold dose-response relationship 
applies to the initiation stage but not necessarily to the whole 
carcinogenic process. 

Figure 1 shows the time course of tumor formation with single 
graded doses of benzo(a)pyrene (B(a)P) followed by thrice weekly 
5-pg applications of the promoting agent TPA (6-0-tetradecanoyl-
phorbol-13-acetate). The curves show tumor formation beginning 
50 days after the onset of promotion. The slopes of the curve are 
proportional to the dose of the initiator. 

Figure 2 shows the dose-response relationship at 200 days 
after the beginning of TPA treatment for tumor incidence in the 
mouse skin according to the initiating dose of B(a)P. It can be 
seen that the dose-response curve is consistent with the linear 
non-threshold pattern. 

Figure 3 shows the time course of tumor formation where the 
initiating dose of B(a)P was divided into various numbers of weekly 
fractions ranging from 1 to 64. TPA promotion, as above, was begun 
one week after the last initiating dose. It can be seen thatthere is 
no effect of dose fractionation. 

Figure 4 shows a log-log plot of B(a)I' dose with respect to 
the incidence of tumors. In view of the lack of a fractionation 
effect, the incidence is expressed as tumors per application of 
B(a)P with respect to the dose per application of B(a)P for both 
single and multiple doses of B(a)P. The slope of the line through 
these data points is essentially unity, indicating a linear dose-
response relationship. 

As shown in Figure 5, the dose-response relationship for 
guanine-IJNA adducts formed in the mouse epidermis with single doses 
of B(a)P applied to the mouse skin also has a slope close to unity (4) 

Although the dose-response relationship for B(a)P initiation 
of mouse skin has a linear non-threshold dose-response character, 
the dose-response relationship for the induction of tumors by (a)P 
alone when applied chronically is highly non-linear. This is shown 
in Figure 6, which is the time course for carcinoma formation fol-
lowing weekly exposure to benzo(a)pyrene at the indicated doses 
ranging from 16 micrograms per week to 120 micrograms per week. 
It is clear that,with the lower dose rates, the appearance of tumors 
is shifted toward a later time. The observed response pattern is 
consistent with a dose-response relationship that is a second to 
third power of dose. 
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FIG. 7. Incidence of carcinomas at 300 days after  the onset of 8(a)? at the indicated weekly 
doses with and without concomitant exposure to TPA. 

Figure 7 shows the tumor dose-response curves at 300 days 
with chronic weekly administration of B(a)P alone and with the 
addition of 5 micrograms of TPA given twice a week on days when the 
B(a)P was not given As indicated in Figure 7, benzo(a)pyrene alone 
produces an upwardly curved dose-response relationship whereas the 
addition of the promoting agent, TPA, produces a linear non-threshold 
dose-response relationship 
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The inferences from these results are as follows: agents which 
are genotoxic (DNA interactive and mutagenic) and carcinogenic in 
animals have a linear non-threshold dose-response relationship only 
in terms of their initiating action. At very low doses the promoting 
action of a carcinogen would tend to be negligible and only its ability 
to initiate would be of importance. Since initiation is not expressed 

except by the action of promoting agents, the only organs that 
are at risk of excess cancer are those which are promoted either 
by intrinsic or extrinsic agents; for example, intrinsic hormones 
in the case of endocrine organs (breast, ovary, thyroid, prostate) 
and extrinsic agents such as cigarette smoke in the lung, alcohol 
and other dietary factors in the gastrointestinal tract. 

The extent to which one can generalize the findings in the 
mouse skin remains unknown. However, the liver, for example, shows 
some strong similarities in response patterns. There is a linear 
dose-response relationship for DNA carcinogen interaction (5) 
There is a linear dose-response relationship for the induction of 
enzyme-deficient islands in the liver which are analogous to 
papillomas in the skin (6) . The dose-response relationship for 
tumor induction in the rat liver is highly non-linear as in the 
mouse skin (7) 

If these inferences are correct, it means that positive animal 
bioassays will need to be extended by additional studies in order 
to be useful for risk assessment; for example, to identify by DNA 
binding in human tissue specimens which are the likp.ly target organs 
and to determine, where feasible, whether agents which are known 
to be promoters in human organs (e.g. cigarette smoke in the lung) 
will actually act as promoters with the agent in question. Valuable 
as they are, we have been using animal bicassays as indicators of 
cerciriogenicity in a relatively crude fashion. Emerging data 
suggests that the extent to which an agent is a dangerous carcinogen 

at low levels of exposure will be determined, amongst other factors, 
by the extent to which the target organ is promoted either extrn-
sically or intrinsically. 
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IMSCUSSION 

l.M. TORRENS: Your data indicate a linear dose response when the initial 
dose is administered in fractions and non-linearity when the benzo(a)pyrenc is 
administered chronically. What causes the difference and is there a transition 
between these two different techniques for carcinogenesis? 

R.E. ALBERT: The data indicate linearity when the carcinogen is associated 
with the administration of a promoting agent regardhiss of whether the carcinogen 
is given once or repeatedly. The non-linearity is associated with the action of the 
carcinogen alone. 

L.D. IIAM1ET0N: Do you know of any evidence of a repair mechanism in 
chemical initiation? 

R.E. ALBERT: No. Once initiation has taken place it appears to be 
irreversible. 

RJsi. BARKHUDAROV: What was the pathway of benzo(a)pyreiie to the 
lung in your experiment? 

R.E. ALBERT: The experiments I reported dealt only with skin. 
R.M. BARKHUDAROV: in your paper you examined the two-stage 

development of tumours. You said that while there is no reaction threshold in 
the first stage, such a threshold does cxist in the second stage. Could you explain 
this in greater detail? 

R.E. ALBERT: I would speculate that skin initiation is a mutation-like 
single-hit process that is not expressed except by the action of a promoting 
agent whereas the action of the carcinogen alone is a multi-hit process which may 
be unrelated to initiation. I am suggesting that the initiation-promotion pathway 
is different from the carcinogen-alone pathway. 
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Abstract 

QUANTITATIVE COMPARISONS OF GENOTOXIC EFFECTS OF ATOMIC ENERGY AND 
FOSSIL-FUELLED ENERGY RAD-EQUIVALENCES FOR ETHYLENE, ETHY LENE 

OXIDE AND FORMALDEHYDE - CONSEQUENCES FOR DECISIONS AT GOVERNMENT 

LEVEL. 
Rad-equivatences have been determined on the basis of data on the genotoxic effects 

of low linear energy transfer ionizing radiation and of three chemical pollutants - ethylene, 
ethylene oxide and formaldehyde 	emitted from energy-producing power plants. In the case 
of ethylene and its metabolic, ethylene oxide, the conditions were particularly favourable 
because the equivalences could be based on the induction of total mutations in the mouse, 
which is the same genetic end-point used for the assessment of radiation risks. Once established, 
the rad-equivalences were used (a) to extrapolate the rules adopted for radiation to each of 
these two compounds and (b) to make recommendations for exposed workers at hot spots' 

and for the general population. Measurements of ethylene in power plants and in the 
atmosphere of Paris have indicated that in most cases the measured values faLl withm the 
recommended values. However, pollution by ethylene oxide in cold sterilization units should 
be reduced. Rad-equivalences obtained for lethal effects, and for the induction of chromosome 
aberrations by formaldehyde in human cells in vitro, suggest that the maximum admissible 
concentrations are far too high in most countries and must be reconsidered. In France, the 
Ministry of Health is taking the rad-equivalences into consideration for the preparation of a 
law regulating pollution by ethylene and ethylene oxide - as a first step. These results show 
that rad-equivalences can be used for risk assessments of genotoxic effects from power plants 
and that decisions can be made by extrapolating the rules adopted for radiation protection to 
some chemical mutagens, when certain Strict conditions are fulfilled. 

* Work financially supported by Electricité de France. 
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iNTRODUCTION 

In the modern world man is not only confronted with the rechnologicd 
problems of energy production but also with related unwanted side effects that 
are threatening human health and man's environment. Obviously, the use of 
different technologies for energy production involves, besides the advantages, 
certain disadvantages and risks that have to be assessed. 

The aim of this paper is the quantitative evaluation of genotoxic risks to 
man and his environment caused by the presence of mutagenic (and carcinogenic.) 
agents associated with the production of energy. This evaluation is achieved by 
undertaking a quantitative comparison of doses of certain genotoxic agents, in 
particular some of those produced by the combustion of fossil fuels such as 
ethylene, ethylene oxide and formaldehyde, with doses of ionizing radiation. In 
this comparison we have put special emphasis on long-term risks such as the 
genotoxic risks resulting from an attack of the genetic material of living organisms 
which lead to lethal effects, somatic and germ cell mutations as well as carcino-
ge.nic effects. 

For the assessment of risks, the work established over the last five decades 
by the ICRP and various committees for ionizing radiation, such as UNSCEAR, 
BEAR, BEIR and MRC, can be taken as good examples. In spite of some 
inherent uncertainties and sjrnplifications, this work has provided the necessary 
guidelines for radiation dose limitations which are accepted in most parts of the 
world (see Ref.[ I] for review). in view of the impressive number of natural or 
man-made chemicals in man's environment, it has become necessary to carry out 
a similar work on risk assessments for genotoxic chemicals. The foundation of 
the International Commission for Protection against Environmental Mutagens 
and Carcinogens (ICPEMPS) in 1977 was a first step in that direction [2]. 

2. THE NOTION OF RAD-EQU1VALENCE 

Since a sensible consensus on acceptable dose levels for ionizing radiation 
was reached, the idea of Crow [ 3 ] and of Bridges [4] in 1973, that the dose of 
a chemical agent producing a given genetic effect may be equated to the dose of 
ionizing radiation producing the same quantitative effect for the same genetic 
end-point, showed the way to a possible extrapolation of existing ICRP 
recommendations for radiation [5] to recommendations for chemical mutagens. 
This idea was developed further in recent years [6--10]. 

At the First Symposium on Rad-Equivalence at Orsay (France) in 1976 1 9 1, 
it became clear that the evaluation between a dose of a chemical mutagen and 
a dose of radiation, on the basis of the same effect in one or several biological 
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systems of reference, is only possible if some well-defined conditions are 
fulfilled. The unit for comparison does not have to be the tad. A given genotoxic 
chemical in widespread use might also serve as standard reference [10]. 

The following conditions (see Refs [8 11] are prerequisites for the 
establishment of rad-equivalences: 

Rad-equivalences depend on quantitative measures, thus on the 

definition of comparable doses: 

D (radiation dose) = 0 (energy flux) X t (time) 
D (chemical (lose) = C (concentration( X t (time)' 

Reciprocity: the doses defined above have a meaning only if,when the 
two factors C and t vary inversely so that their product remains constant, the 
biological effect remains the same. The reciprocity law is verified for radiatons 
only in a certain domain [1 2, 13]. Reciprocity may equally he limited for 

chemicals. 
The shapes of the dose-effect curves should be considered. At low 

doses, linear relationships are often observed and a range may he found in which 
rad-equivalences can he meaningfully evaluated for a specific genetic end-point. 
This has been done in the case of e thylmethane sulphonate [14. 1 5] and furfuryl-
furamide [16] and some epoxides [17]. 

Rad-equivalences are only comparable for given genetic effects and 

experimental conditions. 

3. RAD-EQUIVALENCES FOR CHEMICAL MUTAGENS 

Since 1975, experimental work on rad-equivalences has been perfoed at 
the Institut Curie in Paris, with specia' emphasis on chemical mutagens such as 
formaldehyde [12, 19], ethylene and ethylene oxide [10, 201. vinyl chloride 
monomer [11. 21] and furocoumarins [22]. 

3.1. Ethylene and ethylene oxide 

Ethylene is not mutagenic by itself; however, after inhalation it is metabolized 

in the liver to ethylene oxide (EtO) [23],  an alkylating agent with mutagenic [241, 

carcinogenic [25, 26] and teratogenic [27, 281 properties. 
Ethylene is produced by combustion: it constitutes a pollutant of the air 

in towns [24, 29). Thus, as for radiation, it deals with 'hot spots' where workers 
may be affected, and with the diffused pollution affecting the general population. 

For a more refined definition of the chemical dose see Ref.[ 10]. 
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Since ethylene is a normal product of plant metabolism [301,there  is a natural 
background level of ethylene in non-polluted air (as there is a background level 
of natural radiation). 

The metabolic conversion of ethylene to ethylene oxide in vivo has been 
studied in mice 1231. In a first approximation and on average, 1% of inhaled 
ethylene is fixed in the organism in the form of EtO. This value is taken as a 
basis for the following results assuming the mouse to he a good model for humans, 
and assuming similar metabolic rates in the two species (which is still to be proven). 

With regard to inhaled EtO, the US Food and Drug Administration, confronted 
with the problem of EtO pollution in cold sterilization units, arrived at the following 
relationships for a worker of 70 kg [311: 

I ppm EtO X I hour - 2 mg of EtO absorbed 

(This value depends on the breathing rate or effort of the worker and can be taken 
as an average value) 

Accepting the ratio of 1 per 100 for the metabolic conversion of inhaled 
ethylene into EtO, one can deduce 

1 ppm ethylene X 1 hour - 20 pg of EtO absorbed 

Following the method of Ehrenberg et aL, the amount of EtO fixed can be 
quantitatively determined from the degree of alkylatiori of cysteine and histidine 
in the haemoglobin of erythrocytes [23]. 

The rate constant for the elimination of EtO from tissues is 46 li in the 
mouse [321. Reasonably reliable measurements of tissue doses of EtO in persons 
exposed to known or at least assessable average concentrations during the four-
month life span (1 26 days) of erythrocytes used for the monitoring dose indicate 
that the rate constant for elimination of EtO from tissues, if it differs at all from 
the mouse value, could be somewhat faster [17, 331. About the same dose was 
found in all organs of the hody [32].  This is probably true regardless of whether 
the epoxide is absorbed by the organism or formed by conversion from ethylene [23]. 

The degree I 0 of alkylation of a nucleophilic centre in DNA with the 
nucleophilic strength n 2 corresponds to a genetic risk of I rad of y-radiation 1341. 
Ten mrad equivalents per week would correspond to a degree of alkylation of 
about l0. 

The current permissible doses for radiation were set on the basis of results 
obtained on the total number of mutations induced in mice (for review, see 
Ref.[ 1 1). Rad-equivalences for EtO, and hence for Et, were established on the 
same basis, with especially favourable conditions. As pointed out [341: 

(a) One can reasonably assume linearity of the dose-response curve at 
low doses 
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The mutation frequency is correlated with the number of alkylations 
in the nucleophilic centres in DNA. the effect being cumulative as it is for radiation; 

The same numbers of alkylations in DNA are associated with the 
mutational response to I rad of y-radiation in bacteria, barley and mice (we can 
reasonably expect that it is also the same in Man). 

In E. co/i K 12, the prophage induction versus mutation ratio for ethylene 
oxide approaches the value found for ionizing radiations [35]. 

Coming back to (a), although one can admit a linear dose-effect curve at low 
doses in the case of mutations induced by EtO in E. co/i, barley and mice [ 1 71. 
as is the case for radiations [36], deviations from linearity can be observed with 
high doses 17, 37]. However, linearity is observed with the smallest doses which 
have been experimentally tested, and there is no evidence for a threshold. 

Since the absorption of atmospheric ethylene depends on the breathing 
rhythm - hence on the physical activity of the individual we propose to 
consider a 2.5-fold margin between light and medium activities. 

According to Ehrenberg et al. [32], in the Mouse testes, and for ethylene 
oxide: 

1 mM X 1 hour at 370  80 rads 

Or 
1 ppm X 1 hour (air dose) 40 mrads 

Recently, from measurements of N-3 alkylation in workers exposed to EtO, 
the exposure dose in ppm X hour can be reconstructed with some reliability; the 
tissue dose can be calculated, and the risk assessed 117, 33]. We propose for 
Man the values in Table I, taking into account the 2.5-fold range for breathing 
rhythms. 

in a recent work [38], one of us (VP.) induced mutations to thioguanine 
resistance in human amniotic cells in vitro by either EtO or ionizing radiation. 
From the linear portion of the dose-effect curves at low doses, a rad-equivalence 
value was thus measured: 

4mMX 1 h 	65rads 

Or 

1 ppm )< 1 Ii 	I mrad 

(assuming 1 ppm = 2 tg EtO per litre of air [321). 

This result, although differing from the preceding one by an order of 
magnitude, can be considered as in rather good agreement if the in-vitro versus 
in-vivo differences in the conditions of treatment are taken into account. 
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TABLE I. RAD-EQUIVALENCES FOR ETHYLENE AND ETNYLENE OXIDE 

Light physical Medium physical 
activity activity 

EtO: I ppm X 1 hour 10 mrads 25 mrads 

Et: 10 ppm X 1 hour 	—s 1 mrad 2.5 mrads 
or I mrad 200 ig of EtO fixed 

TABLE II. MAXIMUM ACCEPTABLE CONCENTRATION IN THE AIR 

Radiation Light physical Medium physical 
activity activity 

For workers (40 h exposure per week): 

5 radsfyear 
100 mrads/week 	EtO 0.25 ppm 0.10 ppm 

Ethylene 25 ppm 10 ppm 
or 12 mg EtO fixed weekly 

For the total population: 

170 mrads/year 	Ethylene 0.20 ppm 0.08 ppm 
or 0.5 mg EtO fixed weekly 

4. RECOMMENDATIONS FOR ETHYLENE AND ETHYLENE OXIDE 

On the basis of the above rad-equivalences and the current rules adopted 
for ionizing radiations, the equivalences in Table II appear. Therefore, one of us 
(R.L.) has proposed the following recommendations to the French government 
advisory body, the Conseil supérieur d'hygiène publique de France: 

(a) For workers subjected to a constant exposure during 40 hours per 
week, the average maximum acceptable concentration (MAC) of ethylene in the 
air should be 15 ppm. The MAC of EtO should be 0.15 ppm. For a 70-kg man 
working in these conditions the amount of EtO fixed in the body per week would 
he 12 mg or 2.5 mg/working day (5 working days/week). 
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(b) For the total population exposed continuously, the average MAC of 
ethylene should be 0.15 ppm. Tl1is corresponds to 0.07 mg of EtO fixed per 

day or 0.5 mg fixed per week. 

When comparing these recommendations with the US Food and Drug 
Administration (FDA) decisions made in 1978 for the exposure to EtO of hospital 
workers in cold sterilization units, the acceptable dose of EtO absorbed each 
working day was 2.1 rng for a 70-kg man. This value corresponds remarkably 
well to the value of 2.5 rng recommended here. It is likely that the decisions of 
the FDA were reached on similar grounds, i.e. on rad-equivalences see the report 
of C.W. Bruch in Ref.[3], pp 9..--17). 

FOREiGN REGULATIONS 

The pollution by ethylene has not yet been regulated in any country. So far, 
only EtO exposures from cold sterilization units have been considered. Before 
the FDA published its decision, there was great confusion in the USA: concen-
trations of the order of 50 ppm were tolerated, i.e. concentrations 300 times 
higher than those recommended in France. In the Federal Republic of Germany 
(50 ppm of EtO) and in Sweden (10 ppm) the same 'complacent' attitude still 
predominated. The legislation in the USSR prescribing 0.5 ppm of EtO E391 is 
more cautious and almost consistent with the current radiation safety standards. 

THE SITUATION IN FRANCE 

To evaluate what the impact of the above recommendations would be, if 
adopted, the current status of ethylene and ethylene oxide in France has been 
studied on the initiative of the Ministry of Public Health. 

The concentrations of ethylene were measured in 1978 in the environment 
of oil refineries and in Paris by Dr. M. Benarie's team (Institut national de 
recherche chiinique appliquée, Centre de recherche. Vert-le-Petit, Département 
pollution des atmospheres). Using a chromatographic method, near to compressors 
(usually not frequented by people),average concentrations over 8 hours were 
between 2 and 4 ppm: within 300 m of the industrial complex, about 0.4 ppm 
were measured. These values turned out to he comparable to the average values 
measured at a point of heavy traffic in Paris (place Victor Basch) and similar to 
those reported for other big towns such as Berlin (West) (0.03 ppm), Los Angeles 
(0.02 0. 12 ppm) and Delit (0.05 ppm). Within 1 km from the industrial complex, 
concentrations between 0.01 and 0.08 ppm were found;whicli are comparable 
to those of residential areas in towns of Europe and the USA. 
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The natural background in Western Europe is around 0.001 ppm ethylene. 
It is evident from these figures that the present values of pollution by ethylene 
lie in the acceptable range of the above recommendations. But the latter have 
the advantage of setting limits which do not yet exist. 

The concentrations of EtO inside cold sterilization units and in their 
vicinity were measured in 1980 by Dr. B. Festy and his team. The results are now 
being computed. When available, they will, in particular, provide a fair assessment 
of the total exposure of French workers to FtC) and allow an objective comparison 
with the total exposure to ionizing radiation. 

6.1. Formaldehyde 

Formaldehyde is a typical product of combustion found in our environment, 
e.g. in photochemical smog, in tobacco smoke, incinerator effluents, car exhausts 
and in the thermal degradation of epoxy thermoplastic materials (see Ref.[24] 
for review). It is a genotoxic product whose mutagenic activity is weak in 
comparison to its cytotoxic activity (see Ref.[40] for review). 

Quantitative comparisons of the effects of formaldehyde with those of 
X-irradiation have been carried out on several biological systems and on different 
biological genetic end-points at the Institut Curie in Paris [8, Ii, 18 201. 

Several rad-equivalences were obtained for E. coil, yeast and mammalian cells 
for lethal effects 11, 191 the most interesting of which is the rad-equivalence 
for the lethal effect of formaldehyde on human fibroblasts in vitro [41]: 

I mM )< 1 mm 	6.6 rads 

or 
0.15mM X I mm - 1 rad 

Recently, one of us (S.L.) obtained data concerning the induction of chromo-
some breakage in human fibroblasts. Using a normal fibroblast cell line (Jacot) 
in the 10— II passage 1 .5% chromosome aberrations were counted after either 
220 rads of X-rays or 4 mM formaldehyde X 0.25 hours, giving the following 
equivalences: 

4.5pMXlh 	Irad 
0.27 mM X 1 mm - 1 rad 

1 mM X 1 mm 	3.66 rads 

When analysing the chromosomal stability after treatment of these fibroblasts 
in vitro (exponential phase) with increasing doses of formaldehyde or X-rays, 
deviations from the 2n normal chromosome set towards hypoploidy was observed. 
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TABLE III. MAC VALUES AND EQUIVALENCES FOR FORMALDEHYDE 
IN VARIOUS COUNTRIES 

Country 	 MAC 	 Equivalent absorbed dosed 
(ing rn 3 ) 	 ( rad 

USA 4 170 

Sweden 3 127 

Czechoslovakia 2 85 

German Democratic Republic 2 85 

Federal Republic of Germany 1.2 50 

USSR 0.5 21 

For an exposure to formaldehyde of 30 h per week for 40 weeks per year. 

For this effect 600 rads of X-rays were about as effective as 8 mM X 0.25 hour 
formaldehydejesulting in the following rad-equivalence: 

2mMX lh 	600rads 
or 

3.33j.sM Xlh 	lrad 
or 

0.2 mM >( I min 	I rad 

It is satisfactory to find that the rad-equivalences on these genetic end-points 
in human cells approach those previously obtained for the lethal effects of 
formaldehyde on other human cells. 

The above rad-equivalence for the lethal effect of formaldehyde on human 
cells may be used to evaluate some risks due to pollution by industrial plants: 

(a) In a region in south-west France where natural gas is extracted, a 
permanent pollution of the air with formaldehyde is regularly measured. The 
measured values fluctuate around an average of 20 ig.m 3. Nobody has yet had 
any idea whether such a concentration should be considered harmful or not, and 
if so, to what extent. No accident or disease has yet been reported within the 
population that could be correlated with that pollution. 

The above rad-equivalence tells us that, with regard to the killing of human 
fibroblasts (which could take place in the lungs), this pollution of formaldehyde 
is equivalent to an annual dose of 2500 mrads. 
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If only cell killing is considered, such a low dose is certainly safc and 
acceptable. 1-lowever, if we take the equivalence on chromosome aberrations 
into account this dose appears to call for some caution. 

(b) The local pollution in industrial plants should always remain below the 
MAC. Table Ill gives the MAC values adopted in several countries,and for each 
of them the corresponding equivalent dose in racis absorbed per year (cell killing) 
assuming that the workers are exposed 30 hours per week for 40 weeks per year. 
Since the values would approximately apply also for the induction of chromosome 
damage, the MAC values do not seem to be acceptable and should be reconsidered. 

CONCLUSION 

In conclusion, it may be said that for quantitative assessments and comparisons 
of risks the notion of rad-equivalence has turned out to be useful in some specific 
cases of chemical mutagens. These risks evaluations are, of course, far from perfect 
and are still open to criticism. 

The rad-equivalences obtained for the three compounds described above are 
precise enough to elicit revisions of current decisions -- or lack of decisions 	and 
to help governments to proceed towards the adoption of sound regulations. We 
are glad to point out that, thanks to the above studies and on the basis of their 
results, the French Ministry of Public Health has undertaken an administrative 
process which may lead to national regulations concerning ethylene and ethylene 
oxide. These would be the first regulations over to deal with long-term effects 

of genotoxic chemical pollutants associated with the production of energy. 
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DISCUSSION 

B. St7RENSEN:  I have a general remark concerning the use of analytic 
analogies in assessing the impacts of chemical agents and ionizing radiation. The 
radiation hits an arbitrary atom somewhere in the living organism and the quantal 
energy is almost always large enough to ensure demage. This effect is linear with 
dose. The crucial point is the subsequent response of the organism. In the case 
of a chemical agent, the factors involved are its ability to penetrate cell walls 
(possible threshold effect) and the immunological response of the organism. 
The latter is also non-linear and may lead to effects exceeding linear predictions. 

It seems to me therefore that the use of the 'rad-equivalence' concept may 
he dangerous and that its use for legislative purposes is certainly premature. 

D. AVERBECK: Your remark definitely does not apply to ethylene and 
ethylene oxide. I hope that I have been clear enough in stating that the evaluation 
and use of rad-equivalences are bound to certain strict and well-defined conditions 
which, in the case of ethylene and ethylene oxide, are fully met. The rad-equivalent 
method is thus a very valuable tool in this and other clearly defined instances. 

K. SUNDARAM: I am aware of Professor Ehrenberg's work and the ethylene 
oxide story. Rad-equivalence has been vindicated using alkylations in testicular 
DNA,though there are some limitations since the technique does not separate 
DNA from different cell stages. Nonetheless, it has some useful attributes. I am 
not sure we can say the same about formaldehyde since somatic cell chromosome 
damage is not a surrogate for genetic mutations in the germ cells. 

D. AVERBECK: Professor Ehrenberg's group has provided us with an 
extremely useful method for determining the dose of alkylating agents in tissues 
and organs. It can he used not only for ethylene oxide but also for other alkylating 
agents. In principle, it might even he possible to determine alkylations in the DNA 
of different cell stages. 

With regard to formaldehyde, I agree that the ability to induce somatic 
chromosomal damage does not mean that the ability to induce germ cell mutations 
also exists. 
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Abstract 

AN ASSESSMENT OF HEALTH IMPACTS OF ELECTRICAL POWER TRANSMISSION 
LINES. 

The types of investigations undertaken to test for possible biological effects of extremely 

low freciuency  electric fields have been numerous. However, neither animal and plant experi-
mentation nor clinical studies nor experience with operating extremely high voltage trans-
mission lines have to date provided convincing evidence of a harmful effect from exposure to 
electric fields associated with transmission lines in spite of numerous attempts to find such 
effects. Analysis of internal fields and currents supports these observations as the levels 
appear to be too low to affect mammalian cells. Thus, while one can never prove the negative 
(i.e. that there is no effect), the overwhelming body of evidence indicates that the electric 
fields associated with high-voltage lines have no deleterious biological effects. 

As the demand for electricity has increased, the problem of 
transnitting larger amounts of electric power has been solved 
by building successively higher voltage transmission lines. 
One 345,000 volt (345 kV) transmission line (TL) can carry as 
much power as five 138 kV TLs. A single 765 kV TL -- the 
highest voltage in the U.S. -- can carry as much power as five 
345 kV TLs. Test facilities exist for future TLs operating at 
voltages up to 2200 kV. At one end of these power delivery 
systems is a power generating facility, involving fossil, 
nuclear, geothermal, hydro, or solar procedures. Along the 
power delivery system are substations, where voltages are 
generally "stepped down' and power is dispersed through a 
number of smaller voltage TLs. The consumption of power occurs 
at the distant end of the system. In the United States the 
standard frequency for electric power delivery systems is 60 Hz 
(60 cycles per second), in Europe the standard frequency is 50H7. 

Associated with these electric power delivery systems --
and virtually any electric device -- are man-made electric and 
magnetic fields. The magnitude of the electric fields 
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TABLE I. POSSIBLE IMPACTS OF TRANSMISSION LINES 
ON THE ENVIRONMENT 

A. Effectc of Construction and Maintenance 

Land clearing and maintenance withn right-of-way 

Access road clearing and maritenance 

Soil compaction and other physical perturbations 

related to construction procedures 

Interference with agricultural procedures due to 

towers and lines 

S. 	Aesthetic impact of towers and lines 

B. Hazard of Electric Shock from Contact with Line 

C. Corona Effects 

Radio and television interference 

NoiSe 

Ozone and oxides of nitrogen production 

D. Effects of Electric and Magnetic Fields 

Foel ignition by spark discharge 

Induced electric shocks transient and Steady state) 

Cardiac pacemaker interference 

Biological effects of electric and magnetic fields 

associated with these power delivery systems is a function of 
the voltage of the TL; the magnitude of the magnetic field is 
generally determined by the amount of current flowing in the 
IL. Both fields decrease with distance from the IL. At ground 
level directly under a 765 kV IL, the magnetic fields ('0.5 
Gauss) are comparable to or less than those associated with 
normal household appliances. The electric fields at ground 
level beneath large TLs (e.g. 10 000 V/rn) are generally much 
larger than those encountered in daily living. For this reason 
attention will be focused on the potential for these fields --
i.e. the electric fields -- to induce biological effects. 

Table I lists possible impacts of alternating current 
transmission lines on the environment. The first set of 
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impacts -- Effects of Construction and Maintenance -- are 
important to line-routing and tower-structure considerations. 
The second category -- Hazard of Electric Shock from Contact 
with Line -- is a real hazard, because of its generally lethal 
consequences, and iT  well recognized by utilities and 
regulatory bodies. Minimum clearances between conductors and 
the ground allow a safety margin for large objects to pass 
under the lines. The third class -- Corona Effects -- derives 
from the breakdown of air in the very near vicinity of the 
line; an occurrence most likely in foul weather. The effects 
of corona include noise and chemical oxidant generation, and 
possibly radio/TV interference. The noise levels are below 
those needed to cause hearing damage but may be bothersome. TL-
generated oxidants appear to be too little to cause any 
significant biological effect. The last class of impacts --
Effects of Electric and Magnetic Fields -- includes direct 
biological effects, induced electric shock and effects on 
cardiac pacers. There is a "theoretical" possibility that a 
spark of sufficient energy to ignite gasoline could arise 
during refueling under a TL. Transmission lines are designed 
so that electric shocks from vehicles under TLs will not exceed 
5 milliAmperes, a value taken by the Underwriter's Laboratory 
and the Canadian Standards Association as the maximum safe 
current for the public. Modern cardiac pacers are inherently 
sensitive to electric fields as they are dependent on sensing 
heart signals on the order of 1 mV. When interference is 
sensed, the pacer reverts to a fixed or "interference' mode of 
operation, providing a fixed rate signal to the heart. 
Interference of some pacers by exposure to maximum fields under 
a 765 kV TL appears possible but not life threatening. The last 
subheading -- Biological effects of electric and magnetic 
fields -- is the prime concern of this paper. Two approaches 
-- "biological" and "biophysical' -- have been used in arriving 
at a conclusion regarding the potential for IL electric fields 
to induce deleterious biological effects. 

The types of "biological" investigations undertaken to test 
for possible biological effects of extremely low frequency 
(ELF) electric and magnetic fields and to understand the 
mechanisms whereby such fields induce biological perturbations 
have been varied and numerous. For convenience the "effects" 
literature will be discussed under the general headings of: 
1) Working Situations, 2) Human Laboratory Exposures, 3) Animal 

Laboratory Exposures, and-4T7hreshold Exposures. 

1. 	Working Situations (Table II). 
The results of these studies are uniformly negative in 

terms of relating any health or crop problems to exposure to 
transmission line electric and magnetic fields. The value of 
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TABLE II. WORKING SITUATIONS: TRANSMISSION-LINE 
EXPOSURE INVESTIGATIONS FOR BIOLOGICAL EFFECTS 

Setting 	 Pesults 

Kouwenhoven et al 
	

9-yr survey 345 and 765 kV 
Sirgewald etlTi1] transmission linemen 

	 negative 

Roberge [2] 
	

735-kV switcyard personnel 
	

regati vs 

Strunza [3] 
	

residents near, far from, 	regati vs 
20O-OO kV 

Krumpe et al. 	 5-yr survey Seafarer, controls regati vs 
Hauck [T 

Hodges et al. [5] 
	

765-kY TL, crops 
	

n egati vs 

Anstutz et al. t61 
	

TL, animals 	 regati vs 

Knave, B. 1171 	5-yr survey 40C-kV substation 
workers, controls 	 negative 

Greenberg et al. [8] 765-kV TL bees 	 Behavior 
correlates 
with hive 
construction 
features 

Stopps et al [9] 	High-voltage equipment and 
- 	 TL workers 	 regative 

greene [10] 	 765-kY TL, crop plants 	 negative 

these studies is that they provide evidence that there are no 
pronounced effects by exposure to such fields. 

Soviet investigators have reported a number of complaints 
such as listlessness, excitability, headache, drowsiness, 
fatigue and physiological differences attributed to exposure to 
high electric fields (Asanova and Rakov [11], Sazonova [12], 
Korobkova, et al. [13], Krivova, et al. [14] and Filippov 
[151). TherEiem in interpretiiich findings is that it is 
difficult to deteniine which factors in the working environment 
are responsible for the observed symptoms since all of them are 
found in a variety of occupational settings. Lyskov, et al. 
[16] has noted that for a 500kV system there have been 
problems concerning health and safety although from such a line 
the field intensity at ground level may reach 14 kV/ni. 
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TABLE III. FIUMAN LABORATORY EXPOSURES, INVOLVING 

ELECTRIC FIELDS, MAGNETIC FIELDS. ELECTRIC CURRENTS 
AND BIOLOGICAL ASSAYS 

Author(s) 	 Setting 	 Results 

Flauf, R. [17] 	 1-20 kV/rn, 50 hz 	3 hr: 	negative 
Behavior, blood 	 Isome slight 

but within 
normal range) 

lanotell [18] 30 	50 	Hz, 	3 	hr: 
Betavior, 	blood negative 

dohannson et 	al. 30 	kV/rn, 	SC 	Hz, 	75 mm: 
[is] Behavior negative 

Beisoher et 	al . 10, 	45 	Hz, 	24 	hr: 
[20] - - Behavior, 	blood negative 

(including 	triglycerides) 

Eisernann [21] 200 	pA, 	50 	Hz, 	3 	hr: 
Behavior, 	blood negative 

Tucker et al. 	[22] 150, 	60 	Hz, 	150 	trials: 
Perception negative 

Gibson 	et al. 	[23] 10, 	45 	Hz, 	24 	hr: 
- Behavior negative 

Anon 	[24] 20 kV/m, 	50 Hz, 	B hr: 
Physiology negative 

Rupilius [25] 30, 	20 	ky/rn, 	50 	Hz: 
Behavior, 	blood negative 
(including triglycerides) 

An electric field Soviet "standard" exists for personnel 
working in substations or transmission lines and provides for 
unlimited human exposure for electric fields up to 5 kV/m. It 
is difficult to determine the meaning or enforcement of the 
'standard". There appears to be some effort made to limit 
human exposure to the most intense fields. Lyskov, et al . [16] 
indicates that infrequent and nonsystematic exposureffhe 
local population and agricultural workers can be disregarded. 

2. 	Fruman Laboratory Exposure (Table III) 
The few and slight (but within normal range) changes 

originally reported by Hauf [17] for reaction time and 
hematocrit determinations have not been observed in subsequent 
studies within his laboratory [vide 18,21,24,251. Taken as a 
whole the data in this categoryivolving exposed/control or 
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TABLE IV. ANIMAL LABORATORY EXPOSURES 

Author(s) Settir .B Results 

Phillips et al. 	[26] Rats and/or mice; 
60 Hz, <100 kV/m 

pp. 47-94 Hematology 	231) 	) female mice; 
higher w.b.c. 

3 >  1`3  nice; 
3 VPRC, 	hemogT. 

pp. 95-109 Inmurology 	(21) Platelets 	high, 
decreased irwnune 
response 

pp. 111-117 Pathology 	(24) negative 

Pp. 119-137 Metabolic status, growth negative 

(42 

pp. 139-145 Bone growth (20) negative 

pp. 147-171 tndocrinolcgy 	(34) negative 

PP. 173-194 Cardiovascular function negative 

(31) 

pp. 195-227 Neurophysiology 	12' Sympathetic 
ganglia hyper- 
excitable 

	

pp. 229-248 	Reproduction, development 
(34) 	 negative 

	

pp. 249-286 	Animal behaviOr (11) 	rats avoid 
>75 kV/m; prefer 

75 kV/m 

Kaune et al. [27] 	Field perception pigs) 	threshold 
>30 k/m 

Grissett [28] 	 Growth, physiology 	exposed males 
(monkeys, 147 weeks, 	faster growth 
76 Hz, 26, 20 V/rn) 	1st year 
>1 01 

Smith et al. [29] 	Orowth (rats, 60 Hz, 
25 kV/m, 33 days) 	 negative 
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TABLE IV (Cont.) 

Author(s) Sett ing Results 

Seto [30] Growth 	rats, 60 Hz, 
20 kV/m) negative 

Knickerbocker Growth, reproduction 
etal. 	[31] (mice, 	60 Hz, 

160 	kV/rn, 	P1. 	F1) negative 

Mathewson et al. Growth (rats, 	45 Hz, 

[32] 100 V/rn, 	28 days) negative 

Krueger et al. [33] Growth 	(mice, 	45-75 Hz, 
- 100 V/rn, 	28 days) negative 

Grissett et al. Behavior, 	physiology 

134] (monkeys, 	10-75 kV/m, 
3G, 	20 V/n) negative 

Graves, et al. t351  Physiology, 	belavior Corticosterone 

(nice, 	60 Hz, 	50 kV/m, level 	elevated 
6 weeks; 	pigeons, first 5 minutes 
21 kV/m) at 50 kV/o 

(maybe), 	pigeon 
perception 

l4arino, 	et 	al. [36] Growth, physi&ogy decreased water 
(rats, 	60 Hz, 	15 kV/m, consumption 
28 days) 

Cerretelli, 	et al. Cardiac, 	physioThgy, no effects at 

[37] growth, 	inwnunology 10 kY/rn 

(mice, 	rabbits, 	rats, 
dogs, 	50 Hz, 	100 kY/rn, 

2 months) 

Marino, 	et al. GrowtH, 	reproduction, increased and 

[38,397 3 generations 	(mice, decreased 
60 	Hz, 	:3.5-15 	kY/rn) weigHts, 

inc reased 
mortality 

Mrino, 	et al. [40] Bone fracture healing healing 
(rats, 	60 Hz, 	5 kV/m, depressed, 
14 days) S 	tV/rn 

NOTE: The approsimaic number of compurisons between exposed and controlled 

rrinsals is given In pOrenhlieses zr Column 



406 	 MILLER 

"on/off" 'ite regimens, have not indicated that ELF 
electro-magnetic fields, including induced electric currents, 
comparable to those induced by transmission lines, affect 
humans. 

3. 	Animal Laboratory [xres (Table IV) 
The studies iTsted in this Table are representative 

but not exhaustive. The vast number of comparisons between 
exposed and control organisms did not reveal an effect. The 
data from Phillips' laboratory are voluminous, and nearly every 
experiment (the approximate number of comparisons between 
exposed and control animals is given in brackets in Table IV) 
is replicated. A "confirmed effect" [p.  338 of 261 is 
generally one in which a statistically significant and 
consistent difference is observed in an experiment's 
replicate. The effects dealing with perception appear 
genuine. Humans generally detect 60 Hz field strengths of -15 
kV/m through hair vibration. It is not surprising that pigs 
perceive fields >30 kV/m or pigeons 22 kV/m. Because the data 
are based on dos-response relations, it is also clear that 
rats, if given a choice, will avoid areas with field strengths 
>75 kV/m. Whether or not the other "effects" in the Phillips' 
survey are genuine is not certain. The number of assays 
undertaken is extraordinarily large and the very few 
statistically significant differences do not establish 
cause-and-effect relations. Such differences may be chance 
events. Phillips indicates that the differences are "small and 
subtle" and "probably due to secondary factors" in the 
experiment. A large number of studies by other investigators 
have notdemonstrated deleterious effects on growth and 
development of rodents exposed to relatively high- and low-
intensity 60-Hz electric fields. 

Cerretelli et al. [37] report no effects on animals 
exposed to a 50-iT-kV/ni electric field. Serum chemistry 
changes (increased neutrophils, decreased lymphocytes) were 
reported for rats exposed briefly or chronically to 50-Hz 100-
kV/m electric fields (the experiment was done once); such an 
effect was not noted by Phillips for rats or mice chronically 
exposed to 60-Hz 100-kV/rn electric fields or in Cerretelli et 
al's experiments with dogs exposed to 50-Hz 25-kV/rn e1ectri 
Ifelds. Graves et al. [35] report an initial "orientation" of 
mice to 60-Hz 50-RV/ifelectric fields. An elevated 
corticosterone level observed after a 5-minute initial exposure 
(the "new" environment - done only once) is not observed with 
analyses from chronic exposures (2-6 weeks). Grissett's [34] 
study of monkeys exposed to 76 - Hz 20 - V/rn, 2.0 G electromagnetic 
fields is extensive in the number, variety and frequency of 
assessments for biological perturbation. ".. .[T]he most 
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significant result is the difference in rate of weight gain 
between exposed and control males. The exposed males, which 
gained weight at a faster rate than did control males, are 
about 10 percent heavier. The difference in growth rate during 
the first year was significant at p=0.001. The divergence 
occurred during the first year. For the remaining period, the 
average difference between the groups has been stable." One 
hypothesis put forward by Grissett to explain the "effect" is 
that the monkeys' testes "were in contact with the cage-bottom 
bars generating the electric field and thus were directly 
stimulated to increase the secretion rate of testosterone." 
The monkeys were exposed in cages with 15 parallel steel bar 
electrodes as a floor. A potential of 0.76 V existed between 
each bar. "Postural observations confirm that the animals 
spent considerable time sitting on the bars in such a way that 
the scrotum was in direct contact with the bars." 

There is little in the above phenomena which suggests a 
deleterious effect from exposure to electric fields. If such 
an effect is established then it will be necessary to determine 
a dose-response relationship and the mechanism, at least at a 
rudimentary level, causing the effect. Without such 
information it will be very difficult to extrapolate from such 
phenonenological observations to considerations of human health 
and safety. 

4. 	Threshold Experiments (Table V). 
The value of dose-response studies is that a measure 

of the magnitude of the electric field needed to perturb the 
organism is obtained. The highest field strength not producing 
an effect is considered a threshold exposure level. All of the 
studies in this category [except 471 have one thing in common: 
they were conducted with electrodes in the conducting medium 
which contained the organism (Table VT. With electrodes in the 
conducting medium, very high current densities and electrTE 
fields in the extracellular fluid surrounding the cells can be 
obtained. Biological effects are observed to occur at current 
densities of the order of 1 mA/cm 2 . A further commonality 
among these reports is that the field strengths and current 
densities used in these studies are orders of magnitude 
(factors of 10) greater than can be achieved by exposure to 
transmission-line electric fields. For example, the electric 
field strength in the medium necessary to produce effects on 
pea roots [43] or flatworms [41] could not be obtained if air 
were a series part of the path between the source and the 
organisms. 

Leaf tip damage occurs in plants exposed in air to 
relatively high electric fields as a result of extreme 
perturbation of the field in the immediate vicinity of a tall 
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TABLE V. ]IIRESHOLD LEVELS OF ELECTRIC FIELDS OR 
CURRENT DENSITIES FOR 1NDUC!NG BiOLOGICAL EFFECTS 

Author(s) Settinq Results 

'larsh 	[41] 60 Hz, 	flatworm, threshold 313 	V/rn, 
bipolar regeneration 0.6-0.8 n/cm 2  

Riesen, et al . 60 	Hz, brain 	organelle perturbation 	155 V/rn, 

 function 1.8 ,n/cm 2  not at 
0.07 mA/cm 2  

Miller, 	et al. 60 Hz, 	root growth perturb. 	threshold 
 -300 V/rn, 2 rA/m 2  

Friend, et el 1-100 Hz, Amoeba threshold 300 VIm, 
 cellular aTtion -1 7i/cm 2  

Coate, 	et al. 45-75 Hz, 	1 	and 20, negative It 20 	V/rn, 

:451 - bacterium mutation 0.5 mA/crn 

Straub, 	et al. 25-7500 Hz, 	marine perception 	at 
[46] organisms I mA/cm2  

Johnson, 	et al. 60 Hz, 	leaf tip damage inception 	at -20 kV/m 

[471 for pointed 	leaves 

plant's tallest pointed leaves. The "burned" area is limited 
to the tallest leaves, is usually only a few millimeters long, 
and occurs with the onset of leaf-tip corona. The corona 
develops from an extreme concentration of the electric field at 
the very tip of the leaf. "Fleshy, rounded or blunt plant 
parts showed no damage in 50-kV/m [60-Hz] fields, whereas plant 
parts with a pointed shape exhibit minor damage at field 
intensities of 20 to 22 kV/m [47]." 

When an object such as a human body is placed in an 
external 60-Hz electric field in air, the body is "coupled" to 
the field so that an electric field exists inside the object. 
In general, for biological tissues, the inteiiT electric field 
will be many orders of magnitude smaller than the external 
field. The electric field at any point within the body is 
related to the current density (current per unit area) by the 

el tr1c field (V/rn) = Current density (A/rn 2 ) 
ec 	

Conductivfty 	(mho/m) 

equation in which soft tissue conductivity is 0.2 mho/m [48]. 
Current densities have been determined for a well grounded 
person in a 10-kV/m 60-Hz electric field and found to range 
from 0.003 mA/cm 2  (ankles) to 0.0006 mA/cm2  (neck) [49], 
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which translate to electric fields of about 0.1 and 0.01 V/rn in 
the ankles and torso, respectively. Do these very small 
electric fields affect cells? 

The system most sensitive to electric fields appears to be 
the nervous system, where there are excitable membranes. 
Internal field strengths of approximately 10-100 V/rn are needed 
to affect firing. Field strengths of this magnitude also 
appear necessary to affect somatic cells. Such fields 
translate to current densities on the order of 0.1-1 mA/cm 2 . 
This is approximately the current density at which one can 
perceive an electric current [48]. 

There is, then, a "safety factor" of about 100 between the 
electric field in the torso caused by an external field of 10 
kV/m and the fiTd which would be expected to cause biological 
effects and a "safety factor" of about 10 above the highest 
internal electric fields resulting from the 10 kV/m external 
fields. Internal fields for a 5-ky/rn electric field exposure 
would be correspondingly less. 

The above discussion is based on the magnitude of the 
electric field needed to cause nerves to fire. There is, 
however, some evidence that electric signals 1 or 2 orders of 
magnitude smaller than those needed to stimulate firing may 
exercise some influence on nerve cells [50,51]. However, the 
electrical field which would be produced in the torso by a 10-
kV/m electric field in air would be only about 0.01 V/rn [52]; 
or about 0.005 V/m for a 5-kV/m electric field. Thus, 
knowledge of the magnitudes of induced electric fields in 
bodies exposed to air electric fields plus an awareness of the 
fields requisite for cellular perturbation suggest that it is 
quite unlikely that the internal electric fields resulting from 
the electric fields under transmission lines will cause any 
significant biological effects. This suggestion is supported 
by the results of a wide variety of biological studies which 
tested for induced biological effects at electric-field levels 
comparable to or greater than those found under transmission 
lines (Tables II, III, IV, V). The results of these studies 
are internally consistent with the conclusion that, in general, 
transmission-line electric fields have not been shown to induce 
adverse biological effects. A similar conclusion has recently 
been published by the U.S. Environmental Protection Agency [53]. 

If indeed there are risks associated with exposure to 
transmission-line electric fields, the risks appear to be 
extraordinarily subtle. Also, from a mechanistic point of view 
(i.e. at least a rudimentary understanding of how electric 
fields interact with cells), it is difficult toie how such 
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low internal electric fields can perturb cells, especially when 
there is very convincing evidence that cellular threshold 
levels for electric-field-induced effects are several orders of 
magnitude greater than those induced in a person under a 
transmission line. 
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LEUKAEMIA MORTAL ETY IN BAVARIA CONSIDERED 
AS A POSSIBLE CONSEQUENCE OF RADIATION 
EMITTED BY NATURAL AND ARTIFICIAL SOURCES 
AND RELATED TO SOCIAL AND ECONOMIC FACTORS 

U. ELSASSER, 0. HUBER, G. HINZ, F.-E. STIEVE 
Institute of Radiation Hygiene, 
Federal Health Office, 
Neuherberg, 
Federal Republic of Germany 

In recent years there have been many claims in the Federal Republic of 
Germany that the risk of contracting leukaemia in the neighbourhood of nuc'ear 
power installations is greater than elsewhere. The Institute of Radiation I-lygien of the 
Federal Health Office has therefore conducted a study of the distribution of cases 
of leukaemia deaths in Bavaria, so that these claims can be fairly answered. This 
was achieved by examining the mortality rates for leukaemia over the years 1970 
to 1978 in varying districts and subdividing the population into classes for sex, age 
and cause of death on the basis of the four-figure lCD code of 1968. 

The death rate for leukaemia in Bavaria as a whole has increased significantly. 
but this can be attributed to the increased mortality rate in the over-60-year-old 
group (Fig. 1). However, an increase in the death rate during the last ten years for 
leukaemia in children cannot be shown. 

To test for a possible relationship between radiation levels and leukaemia 
incidence, regions with high natural radioactivity were compared with those having 
less. To do this, two groups of localities were isolated, where the difference in 
gonad dose between the two groups from natural radiation sources was 40 mrem 
per year. Table I gives the Standardized Mortality Ratios (SMR) for the period 
1970 to 1978 for the group of localities with higher natural radiation levels. On 
the basis of these data, there is no substantiation for the theory that there has been 
an increase in the leukaemia death rate. 

The leukemia death rate in districts with nuclear installations was compared 
with the average for Bavaria. In Table lithe SMR for each district over the entire 
time span of 1972 to 1978 is given. No significant difference can be observed. 

In addition, the districts were sorted with respect to the number of workers 
employed in industry. No significant difference in the results for districts with 
high levels of industrial employment and the average could be substantiated. 

415 
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FIG. 1. Leukaemja mortality rutys in Baaria 1953 and 1977. 
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TABLE I .  STANDARDIZED MORTALITY RATIOS FOR LOCALITIES WITH 
HIGHER NATURAL RADIATION LEVELS IN BAVARIA 1970 -. 1978 

1970 	1971 	1972 	1973 	1974 	1975 	1976 	1977 	1978 

0. 	14 1.37 0.64 1.07 	0.41 0.6i 1.16 1.76 1.74 0.84 

15 	56 0.55 1.09 1.21 	1.42 1.23 1.31 2.17 0.55 0.81 

60 1.02 1.12 1.11 	1.35 0.81 0.87 14a 1.09 lU 

0S\4R ig iintiy ditrnt troin 1 p < 

TABLE Ii. STANDARDIZED MORTALiTY RATIOS FOR DISTRICTS WITH 

NUCLEAR INSTALLATIONS IN BAVARIA 1972 . 1978 

Yejt 	jt 	ic MuiiLch 1.andsbut Asliaifnburg Di11ingn (74ni.burg 

0 	14 0.65 0.47 0,00 1.55 1.39 

15 	59 1.36 1.49 1,08 0.62 0.92 

60 1.13 0.77 1.49 1.00 0.84 
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HUMAN HEALTH AND THE ENVIRONMENT 
IN ELECTRICAL ENERGY UTILITIES 

P.W.V. de CARVALHO, A.M. de REZENDE, 
S. de A. MONCORVO 
Health Department, 
FURNAS - Centrais Elétricas S.A., 
Rio de Janeiro, 
Brazil 

The full text of the paper describes the experience acquired by FURNAS in 
health-related activities which contribute directly or indirectly to the preservation 
of the environment. 
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The paper was prepared by the Uealth Department of FURNAS, a company 
maintained by the Brazilian Government and which is responsible for the production 
and transmission of electric power in the south-cast and part of the east-central 
region of Brazil, representing an operational area covering 1 300 000 km 2 . The 
company has 44 establishments (power plants, substations, offices and others) in 
seven states of the Federation. The Company's installed capacity for 1981 is 
8.092 MW; the forecast for the next seven years, when all the plants of Angra's 
nuclear power station will have started working, is 10.584 MW, The Health 
Department operates in this extensive area, and has 18 working fronts of its own, 
complemented by a large number of institutions and professionals, authorized and 
contracted, established in 40 cities. 

The material may be of use to other companies in the electric Sector and to 
other institutions, including governmental, in formulating health policies, hearing 
in mind the development of measures leading to the protection of the environment, 
with special reference to Man as the main element to be benefited. 

It is essential that health services in modern society be integrated into other 
areas of human activity. Such services must be conducted according to appro-
priate legislation and technical norms. 

In large enterprises, particularly in areas with poor resources and serious 
health problems, due to precarious hygienic and security conditions to which 
large masses of workers are exposed, the responsibilities of the Company take many 
different forms. In such enterprises there is a very high rate of illness and 
accidents, including fatal ones. In the electrical utilities, which are responsible for 
large-scale construction and operation of the system for generating, transmitting 
and distributing power over a very large area, health activities niust he effected 

by a special department responsible for planning and control. 
For medical assistance at a nuclear plant, special rooms and installations for 

treatment in case of accidents involving ionizing radiation are necessary, as well 
as standardized equipment for radiation hygiene. For this purpose, plans for 
radiation emergency treatment and training and recycling of personnel are 
required. 

The complete text demonstrates the intimate connection between health and 
environment and indicates the health activities that should be set up and developed 
through permanent programmes in all phases of every enterprise in the electric 
sector. It shows the need for active participation by the Health Department in 
the adoption of measures which are indispensable to improve local health conditions 
and to protect the environment. It is emphasized in the paper that such activities 
must be part of a systematic health concept. The Company's Health Department 
must work in co-operation with the local public and private medical institutions 
and hospitals. The paper also emphasizes the relationship between all health 
activities: medical and hospital assistance (secondary prevention), rehabilitation 
(tertiary prevention), and essentially preventive activities (primary prevention), 
for a better quality of life and the maintenance of adequate ecological conditions. 
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Guidelines are given for recommendations on the formulation and execution 
of programmes related to ecology and health, which appear to be particularly 
useful for developing countries. 
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MOLECULAR ASPECTS OF CADMIUM DETOXIFICATION 
IN MAMMALIAN CELLS 

R.A. WALTERS 
Los Alamos National Laboratory, 
Los Alamos, New Mexico, 
United States of America 

Cadmium is a ubiquitous, toxic pollutant that accumulates in the environment 
and in man, and it is expected that it will be mobilized with increasing energy 
production. We have approached the problem of cadmium (Cd) cytotoxicity by 
comparing the metabolism of Cd in cadmium-resistant and cadmium-sensitive 
cells Three variant cell lines, derived from the parental Chinese hamster cell 
(line CHO), survive Cd concentrations 1 0- 200-fold higher than that which kills 

the parental cell. Cd*  treatment of the variants induces the synthesis of a highly 
abundant poly A4  RNA class which, in a cell free translation system, directs the 
synthesis of four low molecular weight proteins, including metallothionein (MT), 
not found in Cd-treated CHO cells. Nucleic acid hybridization was used to 
examine the information content and regulation of these inducible, highly abundant 
RNA sequences. 
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The results showed that: 

(I ) This class has a kinetic complexity of 2000 nucleotides (NT) which is 
sufficient to encode five mRNAs the size of MT (400 NT); 

Cd*j nd uc tion  of each of the resistant variants increased the concentration 
of these sequences -2000-fold above the pre-induction levels; 

Cd' treatment of sensitive Cl-JO cells induced the synthesis of only a sub-
set of these sequences and then to a level <I . of that in the induced resistant 
varints; 

The genes encoding the induction-specific RNAs are differentially 
amplified in the genomes of the resistant variants, but the degree of gene 
amplification does not correlate with either the ability to synthesize the RNAs 
or the degree of resistance to Cd'. 

The data suggest that only a small number of genes are activated in response 
to heavy metals and that these genes are both differentially regulated and 
differentially amplified in sensitive and resistant cells. It is tempting to speculate 
that the failure of the sensitive CHO cell to synthesize all the RNA species induced 
in resistant cells may account for their extreme sensitivity. Although metallothionein, 
which presumably sequesters cellular Cd' in a physiologically inert form, very 
likely plays a role in ameliorating Cd toxicity, other factors may also he involved. 
Detoxification may he more complicated than previously thought. 

IAA-SM-254/32 
COAL LiQUEFACTION 
HOW DOES IT MEASURE UP? 

Judith M. HUSHON 
Enviro Control Inc., 
Rockville, Maryland, 
United States of America 

Over the last few years. much research has been devoted to trying to determine 
the impacts of various synfuel technologies on human health and the environment. 
One group of synfuels being evaluated for commercialization is coal-derived liquids. 
Several processes are receiving increased attention: H-Coal, Exxon Donor Solvent, 
SRC I and SRC II. An evaluation of the research performed to date on the products, 
byproducts, effluents and emissions from tl1ese processes has shown a number of 
interesting conclusions concerning their relative toxicities and hazard potentials: 
of major concern is the mutagenicity found in liquid fractions thought to he 
attributed to aromatic amines. 
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it is apparent that the US Environmental Protection Agency (EPA) plans to 
consider most syntuel products byproducts and isolatable intermediates as 'new 

chemicals' under the Toxic Substances Control Act. This means that, for each 
chemical or mixture, a PMN' will have to be submitted and accepted before 
commercial production can begin. Owing to the potential for large-scale production, 

tl1e broad exposure, and some of the identified adverse toxic effects, the EPA 

is more concerned about synfuels than most other new chemicals. An increased 

burden will therefore he placed upon the industry submitting the PMN to ensure that 

the synfuels do not represent 'unreasonable risks to human health or the 
environment: 

Premanufacturing Notification, 



422 	 POSTER PRESENTATIONS 

TABLE I. TOXICITY-TESTING RESULTS FOR KEY COAL LIQUEFACTION STREAMS 

ReproductIon Carcirioqe.ri Subchromc 
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Vacuum BOttoms - - - + + 
SAC I (Ft. Lewis) 
Light Oil 24 30 - 

± Process SolvOot + 4- 

Isonvltte 
Slld Product 

Process Sotsert -J--- 1.0 2.8 

(FOU) hlded distillate -i- -- 

Stonerety hyducslreated 
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Cr do Petrateums 
Prudtioe 13ay 

- Wilmington -I--- 

Monkey Kidney Cell Cylotovicity 	 'Syrian Hairister Embryo Transtormation 
'Chinese Hamster Ovary Cytotoxicity 	 'A blend ci 29 mediutn dielpllate and I part heavy distillate 
'Rabbit Alveolar Microphage Cytotcivicity 	 ITOC total organic carbon 

To help the US Department of Encrgy (DOE) and industry prepare for the 
PMN process, Enviro Control has developed a testing plan (Fig. 1) that will generate 
the required data. We have also compared existing testing against the testing plan 
to show where additional work is required (Table I). Most of the additional work 
is required in the areas of whole-animal testing since existing efforts have focused on 
in-vitro screening studies. Work is needed on all aspects of synfuel combustion 
products. It is also essential that any PMN should present the hazards from exposure 
to synfuel-derived materials compared with those from petroleum or some other 
standard whose risks are accepted. All effects data should therefore be presented as 
relative effects per dose. 
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FOETAL AND INFANT MORTALITY AND CONGENITAL 
HYPOTHYROIDISM AROUND THREE MILE ISLAND 

G.K. TOKUHATA*, E. D1GON 
Division of Epidemiological Research, 
Pennsylvania Department of Health, 
Harrisburg, Pennsylvania, 
United States of America 

Following the Three Mile Island (TM1) nuclear accident of 28 March 1979, 
we have evaluated possible health impacts of the low-level ionizing radiation and 
severe psychological distress upon human reproductive process, pregnancy outcome 
and infant mortality in the vicinity of the damaged nuclear reactor. Computed 
mortality rates were compared between the 10-mile TMI area and Pennsylvania as 
a whole, while before-and-after observations were made within each of the 10-mile 
communities and Pennsylvania as a whole. In general, foetal mortality rate was 
lower for the TMI area than for the State as a whole in 1979; a similar cross-
sectional difference was shown in 1978 and 1977. These differences were 
consistent tl1roUghoUt four quarters of each year under study. Infant mortalt 

rare was slightly higher for the TMI area in 1979 as compared with the State as a 
whole. However, the higher rate was already manifested before the TMI acci-
dent and remained higher in the second quarter of 1979. There were no such 
differences during the latter half of 1979. There was no indication of a rising 
infant mortality trend during the latter part of 1979, which would have been 
expected if the TMI accident had a significant impact. The incidence of con-

genital /ivpothvroidistn within the 10-mile radius of TMI was approximately 
one per 4000 live births (luring a period of one year following the accident. 

This is well within the range of normal expectation. 

From the results of these epidemiological analyses, it may be concluded that 
the TMI nuclear accident did not have a significant impact upon foetal or infant 
mortality or upon the incidence of congenital hypothyroidism. These conclusions 
are also consistent with the observation that the maximum radiation exposure in 
the 10-mile radius during the 10-day crisis was no more than 85 mrem per person, 
which is lower than the annual exposure to the natural background radiation in 
the area. 

* Professor of Epidemiology and Biostatistics, University of Pittsburgh Graduaie School of Public 
Health (adjunct); Associate Professor of Community and Family Medicine, Temple University 
College of Medicine (adjunct); designated by the Governor of Pennsylvania to assume overall 
management and co-ordination of all health research studies related to the Three Mile Island 
nuclear accident, 28 March 1979. 
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EVALUATION DES RISQUES M UTAGENES 
ENGENDRES PAR LES DIFFERENTES FORMES 
DE PRODUCTION D'ENERGIE 

M. ARCHIMBAUD, J. CHALABREYSSE, C. MARES, 
C. BOURGINEAU 
Service d'hygiène industriel!e, 
Département de protection, 
Commissariat a l'énergie atomique, 
Pierrel'atte, 
France 

Les diffcrentes formes d'nergie utdisses dans notre société indListriellc 
dégagent a des niveaux  varies des emissions de polluants divers [1 . 

Pour circonscrire ces polluants, ii est peut-étre nCcessaire de les identifier et 
de les mesurer mais ilfaut évalucr les detriments qu'ils causent, c'est-ã-dire 
soit des dommages sanitaires, soit des dommages 6cologiques. 

Pour apprCcier les dommages sanitaires causes par Jes diverses formes 
(l'énergle, nous avons choisi de determiner l'effet global de ces nuisances par un 
test biologique; on peut ainsi approcher les diets Cventuels d'inhibition ou de 
potentialisation des nuisances entre dies. 

Dans cc travail nous avons en particulier tentC d'Cvaluer Ic potentiel mutagCne 
des poussières Cmises par une centrale thermique C ciiarbon. 

ECHANTILLON ETUDIE 

Pour i'ëtude d'unc centraic thermique C charbon, nous avons recueilli des 
poussiCres dans l'environnement de Ia centraic. L'échantillon dAtmosphére 
a été recueilli par aspiration d'air C travers un filtre Whatman en fibre de verre 
(CF/C) de permCance < 0.027, (5  1,2 pin) avcc an debit de 50 m 3 h durant 
30 jours. Les points de prélèvement Ctaicnt places sous les vents dominants de 
Ia cheminCe et aux points de retombées maximum. L'Cchantillon fVCgCtaux 
a Cté obtenu par lavage de vCgCtaux prClevCs aux mémes emplacements que les 
Cchaniillons d'atmosphCre. 

2. DETERMINATION DIJ POTENTJ EL MUTACENE 

La caractCristiquc d'un produit InutagCne cst de provoquer des perturbations 
de I'ADN pouvant cntrainer une evolution vcrs Liii proceSSus cancCrogCne. 
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TABLEAU I. POUSSIERES DL VEGETAUX. RESULTATS 

SOt/OWE 	 Poojr 

TA 15581 TA 	5Trectiina  
tne 

i4ase Sdrophule 	+ 	+ 	+ 	+ 

Tiaee Aremtiqw 	+ 	+ 	 + 

T7.ase Alipieitiq 	+ 	+ 	+ 	- 

Viteese 
] F000ir 

tag8ne 
revera/rn5 

4,9 
TA 100 
ne 26-20 
150 p 

.7 
TA 99 
ne 

55 ag 

Les tests sur anirnaux étant longs et co0iteux, les chereheurs ont été amenOs 
a développer un ensemble de tests utilisant des microorganismes dont Ic plus 
connu est celui de Bruce Ames [21 pratiqué sur des souches mutantes de 
Salmonella Typhimurium. Nous avons utilisO cc test pour ]a determination du 
potentiel mutagène des diffCrentes poussières CtudiCcs. Mais, préalablement au 
test d'Ames, l'Ochantillon global doit suhir une separation chimique qui 
n'entraine ni degradation, ni complexation des substances chimiques prOsentes. 

Pour les deux types de poussiCres CtudiCes nous avons pratiquC une 
extraction par ultrasons [3] clans des soivants de polarite croissante [41 
(benzCne, dichioromCthane, acetone, nitrornOthane, methanol). L'extrait brut 
est Cvaporé sec et repris par le cyclohexane qui suhit une extraction suivant Ic 
protocole. 

3. RESULTATS 

Chaque phase d'extraction est testée a l'aide du test d'Ames. C'est avec Ia 
souche TA 98 avec et sans S9 Mix que l'on obtient les rOsultats les plus significatifs. 

Nos résultats sont exprimés en vitesse dc pouvoir mutagCne, suit en rcverErng 

d'extrait brut, suit en revers/m 3  d'air. 
La determination de la cytotoxicitC des deux phases permet dc verifier que 

l'effet toxiquc n'est pas suffisant pour inhiber cc pouvoir mutagèrie. 
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TABLEAU 11. POUSSIERES D'ATMOSPI-IERE. RESULTATS QUALJTATIFS 

Feuvoir M4 

'iteee pouvoir 
srstsene direct 

r ev 

V cesse pouccir 
srtaeène CVCC S9 

direct 
e.ecrait extra.it 

2 

P 	HydrophjZ.e + # 20 

210 

Phase Ararnatique + + 0,8 
wg 

290 w g 

Phase .4liphatique - 

Le tableau I indique pour les vgétaux les résultats obtenus sur les 

différentes phases. Le tableau II indique les résultats obtenus sur les différentes 
phases d'extraction des poussires d'atmosphèrc. 

4. DISCUSSION 

Dans notre étude on constate que Ic pouvoir mutagéne des poussières 
recueillies dans l'environnement d'une centrale thermique n'est pas négligeable. 
Ii n'est pas dü uniquement au benzo-a-pyrène car, d'une part, la phase aromatique 

présente un pouvoir mutagéne direct et, d'autre part, Ia phase hydrophyle a un 
pouvoir mutagène important. 
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STILLAGE ADEQUACY THROUGH PRESS FILTRATION 

ER. de BRITTO, E. BARBOSA, R. JUSTEN 
Fundacao Estadual de Engenharia 

do Meio Ambiente (FEEMA), 
(State Foundation for Environmental Engineering), 

Rio de Janeiro, 

Brazil 

The National Alcohol Programme Pro Alcool, promoted by the Brazilian 

Federal Government, began as a feasible form of alternative energy, without, 

however, taking into account its impact on the environment. Every litre of alcohol 
manufactured generates 1 2— 16 litres of stillage, a byproduct which unfortunately 

turned out to be a high-level pollutant. 
To enable the National Alcohol Programme to be feasible in the State of 

Rio de Janeiro, the authors tried to find a practical way of utilizing the stillage. 
The requirements for the process were: low cost of equipment, ease of operation, 

and small working area. 
The main objective was to make maximum use of the stillage, to reduce its 

pollution capacity, and to improve the cake which is the final product of the stillage 
press filtration process and which can be used for soil conditioning, fodder, gas 
production in biodigestors, and energy generation by incineration. The process 

would then be economically sound. 
The coagulation process followed by press filtration is simple in concept and 

uses equipment that is already available in Brazil The initial financial investment is 
low and, owing to the degree of automation, only one operator is required. The 

equipment best suited for mechanical dehydration seemed to be the 'press filter 

The total costs (as at Feb. 1981) were US $0.075 per 1-kg cake and US $0204 per 

2.7-kg cake. 

Using this equipment on a pilot scale, with one single plate and one homo-
genization tank, the authors began tests to separate the stillage solids after adding the 

coagulant in order to produce a cake with 50-60% humidity and a clarified 

effluent with low biochemical oxygen demand (HOD). 
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From September 1980,   industrial-scale experiments were conducted to 
optimize parameters such as coagulant dose and selection of the filter-cloth. The 
industrial prototype comprised a press filter 180 rn long, with 10 fenolic resin 
plates (300 mm )< 65 mm) reinforced with fibreglass to prevent corrosion, covered 
with a filter-cloth whose composition and dimensions would be decided during 
this investigation phase. The prototype enclosed a diaphragm pump with 
689.5 X 10 3Pa (100 lbf/in 2 ) capacity. The structural frame of the filter was 
protected by surface treatment and corrosion-preventive paint. The unit included a 
2500-litre polyester homogenization tank and a mixing device using diffused air 
provided by two blowers through a regulator tank. The prototype also had all the 
necessary command and automation devices and a 200-litre-capacity cart for 
collecting the cake. 

In the operation tests, assays with stillage from six distilleries were conducted 
for four through 85 runs. Many types of filter-cloth were used a well as different 
concentration of coagulant agents. The operational press filter tests were mainly 
conducted with coagulant dosages of 2.0-2.7'v concentration. 

From the results of various tests it was concluded that: 

The presence of sinkable solids in the effluent did not induce a decrease 
in the organic load removal, indicating that these solids are predominantly inorganic 
and probably arise from some unidentified operational problem. 

A more significant decrease in the organic load, which is the basic goal 
of the project, occurred when coagulant concentration was equal to or higher than 
2.0%. The samples at 2.5% reached the highest values: 63.47% and 60.33% in BOD 
and 76.66% and 73.89% in chemical oxygen demand (COD) removal (values taken 
as the minimum for the process optimization). 

When the effluent was clear, the results were always better than when 
the effluents, under the same operating conditions, were dark. 

The pressing time and the filtered volumes are the conditioning para-
meters for optimization of the process. 

Some of the filter-cloths tested showed uniform behaviour. The 
manufacturer agreed on the need for an improved filter-cloth. 

Conclusions 

The project of stillage adequacy through press filtration is now being developed 
in the northern region of the State of Rio de Janeiro, and has begun to show 
favourable results at the various phases, demonstrating the feasibility of the process. 

The process has the advantage of low capital costs. 
The economical and feasible process allows the stillage to he utilized with 

minimum pollution, while the cake produced can be used for soil conditioning, 
fodder, or energy production by incineration, with fertilizer ash as by-product. 
The stillage cake it the final product of press filtration it has about 60% moisture 
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and is rich in nutrients. The complete equipment requires an area of 20 m 2. The 

basic requirements of low capital cost, ease of operation, and small area have been 
satisfied; and a BOD and COD load reduction of about 60% and 75% respectively 
has been achieved. The stillage cake by-product is easy to handle and has physical 
and chemical characteristics that should make it widely used in Brazil and bring a 
quick return for capital expenditure. 

IAEA-SM-2 545 6 

LONG-TERM HEALTH IMPACTS 
OF ENERGY PRODUCTION 
Preliminary assessment of environmental 
pollution by heavy metals and long-lived 
radionuclides for identification qf 
research priorities 

F. GIRARDI, E. SABBIONI 
Commission of the European Communities (CEC), 
Joint Research Centre, Ispra Establishment, 
Ispra, 
Italy 

The medium-term energy policy of the European Community foresees the 
integration and partial substitution of oil-fired power production by coal and 
nuclear energy. 

The augmentation of coal combustion implies an increased mobilization of 
heavy metals into the environment and their incorporation into bio-geochemicai 
cycles. This imposes the setting up of exposure limits and environmental quality 
standards for heavy metals released by fossil-fuelled power plants, establishing 
their maximum permissible release rate and maximum concentration in critical 
environmental compartments. Conversely, the augmentation of nuclear energy 
implies a potential mobilization of long-lived radionuclides from the nuclear 
fuel cycle. 

Research has been under way since 1973 at the Joint Research Centre, lspra, 
to improve the scientific information on which health and environmental 
protection criteria must be based. Model studies are used to identify critical areas 
and suggest priorities for the scientific research carried out at the Joint Research 
Centre on that subject. three of which are, briefly, as fol1ows 

(a) The Long- term implications of heavy metals released from coal-fired 
power plants in the European Community (local and regional implications); 
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A comparison of the potential impact of long-lived radionuclides emitted 

from coal combustion and the nuclear fuel cycle (light-water reactors and liquid-
metal fast breeders); and 

The long-term environmental implications of radioactive waste-management 
practices. 

The assessment studies conducted at the Joint Research Centre indicate that 
the health impact of a greater use of coal and nuclear energy, as foreseen by the 

Community energy policy, is fully consistent with its environmental and health-
protection policy. Research to improve the data base of assessment studies is 
continuing in the frame of the Community's multi-annual research programmes. 

IAEA.SM.254/58 

USE OF CHINESE HAMSTER OVARY CELLS 
IN EVALUATING POTENTIAL HAZARDS 
FROM ENERGY EFFLUENTS 
Application to diesel exhaust em ission* 

A.P. LI, A.L. BROOKS 
Lovelace Inhalation Toxicology 

Research Institute, 
Albuquerque, New Mexico, 

United States of America 

Short-term bacterial mutagenicity tests have been used to estimate potential 
hazards due to emission of effluents from different energy production processes. 

However, the vast differences between mammalian cells and bacteria (membrane 
permeability, metabolic pathways, genome organization) make it necessary to 
confirm bacterial tests by the more relevant mammalian tests. Such an evaluation, 

based on the results of different tests, has proved useful in predicting the potential 
hazard of environmental pollutants [1]. 

At the Love.lace Institute, our method of testing energy effluents is to 

define the potential release sites and, working closely with the appropriate 
technology, to collect relevant samples, which are characterized physically, 

* Research supported in part by the US Environmental Protection Agency via 
interagency agreement No. EPA-IAG-D5-561 under US Dept. of Energy Contract 
No. EY-76-C-04-1013 and in part by the US Dept. of Energy under the same 
Contract No. and conducted in facilities fully accredited by the American Association for 
Accreditation of Laboratory Animal Care. 
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TABLE I. ADVANTAGES OF CHO CELLS 

Well characterized 	 High plating efficiency 

Genetically stable 	 Established quantitative assays 

Near diploid 	 Coupling with exogenous metabolic systems 

chemically and biologically. The biological toxicological tests include both bacterial 
and mammalian short-term toxicity and mutagenicity tests, as well as long-term 
whole-animal tests. Our mammalian short-term tests for characterizing the 
somatic and genetic toxicity of environmental complex mixtures are described 

here. 
A well-characterized, genetically stable cell line, the Chinese hamster ovary 

(CIlO) cells (Table I), is used in our mammalian short-term tests. Three end-
points cytotoxicity, mutation and sister-chromatid-exchange (SCE) are used 
(standardized protocols, which are optimized for testing energy effluents, are 
outlined in Fig. 1). The cytotoxicity assay (Fig. 1(a)) measures the ability of the 
test substance to decrease colony-formation ability of CR0 cells [2] and requires 
7 to 9 days. The mutagenicity assay (Fig. 1(b)) requires approximately 16 days 
and measures the induction of mutation of the hypoxanthine-guanine phosphori-
bosyl transferase (HGPRT) gene locus. We use an assay that is modified 3] 
from that developed by Hsie and co-workers [4]. The SCE assay (Fig. 1(c)) 
measures the induction of exchanges between differentially stained sister 
chromatids. Our protocol is modified from that developed by Takehisa and 
Wolff [51. Five days are required to conduct the SCE assay and 5 to 10 days for 
the chromosome analysis. As shown below, these tests respond quantitatively 
to the activity of known mutagens. 

Application of these assays in evaluating toxicity and genotoxicity are 
illustrated in Fig. 2. Known direct-acting mutagens: N-methyl. N-nitro, 
N-nitroso guanidine (MNNG), ethyl methane sulphonate (EMS) promutagens 
that required metabolic activation to be mutagenic: benzo(a)pyrene (B(a)P), 
dimethyl nitrosamine (DMN), and an environmental pollutant, a dichloromethane 

extract from diesel exhaust particles [2], were tested. The four mutagens used 
had a five orders of magnitude difference in specific activities. MNNG produced 
significant mutagenic and cytotoxic response at 0. 1 ig/mltr, while DMN 
required 1 000 juglmltr for similar response. All the mutagens had dose-dependent 
cytotoxic (Fig. 2(a)) and mutagenic (Fig. 2(b)) effects. Dose-dependent 
induction of SCE was also observed (Fig. 2(c)), with the exception of B(a)P, 
which only produced a low response. The diesel exhaust extracts showed definite 
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cytotoxicity (Fig. 2(a)), but only low genotoxic effects (Fig. 2(h) and (c)). For 
testing substances of unknown activities, like the diesel exhaust extract, a low geno-
toxicity is defined by lack of significant induction of genetic damage up to a dose 
that would yield 907, cell killing. The cytotoxicity assay therefore serves both to 
reveal the intrinsic toxicity of the substances tested and to yield the dose-range 
with which the more laborious genotoxicity assays will he carried out. 

It is interesting that the diesel exhaust has less than 1/100th of the geno-
toxicity of a known environmental pollutant and animal carcinogen, B(a)P. This 
finding is very different from the bacterial mutagenicity studies 16, 7],  in which 
the diesel exhaust extract was found to be highly mutagenic. We have evidence 
that the bacterial mutagenicity of the diesel exhaust extract inay be due to the 
presence of nitroarornatic compounds [8]. The difference in activity of the 
extract on mammalian cells and bacteria may be a result of the deficient 
metabolism of nitrocompounds in mammalian cells. Thus the finding illustrates 
the need for both bacterial and mammalian tests to avoid over- or under-estimation 
of the potential hazard of the test substance. 

Using the mammalian tests illustrated here, we have further shown that 
serum proteins, sulphydryl compounds, and lung and liver cytosols could 
detoxify the diesel exhaust extract [2]. In defining the genotoxicity, we found 
that although the diesel exhaust extract itself had low genotoxicity, it could 
enhance the mutagenicity of other chemical mutagens 191. The possible inter- 
action between diesel exhaust and other environmental mutagens should therefore 
be one of the important parameters involved in the estimation of human health 
risk. 

Although results from the short-term assays as described here cannot be 
directly extrapolated to human risk, they serve as quantitative assays with 
which the biological effects of energy effluents can be studied under well-defined 
conditions. Data obtained from these established, highly quantitative assays can 
then be evaluated with data from other experimental systems as well as 
epidemiological data, allowing the potential hazard of energy effluents to the 
human population to be estimated. 
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HEALTH ASPECTS OF WOOD-FUEL USE 
IN THE UNITED STATES OF AMERICA 

S.C. MORRIS 
Biomedical and Environmental Assessment Division, 
Brookhaven National Laboratory, 
Upton, New York, 
United States of America 

Wood-fuel is the largest biomass energy source used in the USA today: 
current use in residential heating is about 5 X 1 8  GJ [1].  Recent growth in use 
of residential wood-stoves has been great, and this growth has been associated 
with observed increases in wood-cutting and gathering accidents, house fires and 
air pollution. The object of this study was to develop quantitative estimates of 

health effects of residential wood-fuel use in the USA and provide some com-
parison with coal and oil alternatives. Health hazards of wood-fuel use in the 
USA differ from those in developing countries, e.g. in the more widespread use 
of chain saws, differences in gathering techniques, and differences in housing 
and combustion technology. A fuel-cycle approach was taken, estimating energy 
flows along a trajectory from extraction or harvesting to ultimate end use. Non-
quantified health risks are burns and indoor air pollution. For comparison, an 
end use of supplying space heat for 1 million dwelling-years was taken. This is 
6 X lO GJ heat or 8.8 X lQ GJ wood input at 69% efficiency. Health effects 
were estimated at gathering, transport and combustion stages. Oil and coal 
alternatives were scaled from earlier work l2. 

Wood-cutting and gathering in North America is a high accident-risk job, 
rivalling underground coal-mining. Risk depends on technology and method of 
operation. Based on estimates by Chockie et al. using 1976- 78 statistics for 
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the lumber industry in the state of Washington. there are -1 X 10 accidental 
deaths per GJ wood for whole-tree removal [3]. Culling or collection of residue 
after removal of tree trunks for lumber involves more person-hours since the 
material is more dispersed and thus there are more injuries per unit energy 
collected. Figure 8 of the Keynote Address (p. 14), shows coal-mine accidents 
for comparison; they are for a mix of 577, surface and 437,, underground mining. 
Because of uncertainties in extrapolation of data from lumbering to fuel wood, 
the estimates for wood are probably accurate to no more than ± a factor of 1 

It was assumed that wood is transported in large trucks carrying 27 t for a 
160-km round trip. The above figure is based on National Safety Council data yielding 
44 X 10 accidents per km for fleet trucks and 3 X 10 deaths per accident. 
These estimates are probably minimal. Limited data on trucks carrying logs 
and poles and lumber indicate accidental death rates may be ten times higher [4]. 
The coal comparison assumes a mix of 537, rail with 400 km haul distance, 22% 
barge with 770 km haul distance, 11% truck with 80 km haul distance and 14% 
mine.mouth operation. 

House fires are a serious accompaniment to the rapidly increasing use of 
wood-stoves in the USA. Most fires arise from unsafe installation of stoves and 
chimneys: a Massachusetts study found that 75% of wood-stove fires were due 
to this [5]. Nonetheless, since the stove is usually in the living area of the house 
and must he refuelled and ashes removed regularly, a wood-stove seems inherently 
more hazardous than a conventional furnace. The estimate of fires is based on 
1976 -78 experience in New Hampshire and Vermont from which specific data 
on wood-stove fires were available. To eliminatc the effect of unsafe installation, 
only 25% of the fires were includcd. Two hundred and forty-four house fires 

were associated with combustion of —2.8 X 10 GJ of wood yielding 
-1 X 10 dcaths/GJ wood. No deaths occurred from oil heating. The risk of 
fire from electric heating was not calculated. Because of the rapid growth of 
wood-stove use and the difficulty of obtaining accurate statistics on wood 
consumption, the accuracy of the estimates is probably ± a factor of 3. 

While wood is generally considered a clean fuel, its combustion emits par-
ticles, polycyclic organic matter (POM), carbon monoxide, and possibly nitrogen 
oxides at higher rates per unit energy than oil. Benzo(a)pyrene (B(a)P) is a 
commonly used index of POM in estimating chemical carcinogeneses. Lipfert 
estimated maximal seascnal concentrations of I ng . m 3  B(a)P over an 83-km 2  
urban area burning 2.2 X 106  GJ wood within the area [6]. This is an annual 
average contribution of about 03 ng . m 3 . For a population of 116 per km 2  
(comparable to the population density in the col alternative), wood consumption 
would indicate about 207, of homes with wood stoves. Population exposure would 
thus be 116 person/km 2  X 83 km 2  X 0.3 ng . m 3  = 2900 person-ng m. 
Fischer [7] estimates a dose-response function of roughly 2 X 10 cancer deaths 
per person-ng m 3  B(a)P. This yields an estimate of 2.6 X 10 cancer deaths/GJ. 
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TABLE 1. RISK IN SUPPLYING ONE DWELLING 
WITH WOOD-FUEL FOR 40 YEARS, SCALED 
TO A SINGLE INDIVIDUAL 

Source 	 Risk of death 

Wood-gathering 	 3.6 X 10' 

Transport 	 1.2 X 10 

Fire 	 3,2 X iO 

Air pollution 	 9.2 X iO 

Total 	 1.6 X 10' 

Comparison of air pollution effects is particularly difficult, it is subject to 
assumptions such as the fraction of those exposed who are also supplied with 
energy and the extent of long-range transport of pollutants considered. Both 
wood and coal estimates include only local exposure. The degree of transport of 
l'OM to more distant populations is unclear. Consideration of long-range transport 
of sulphate pollution, upon which the coal health effects are based, would lead 
to effects closer to those shown for wood. Owing to these factors, the error 
associated with using the B(a)P index and assumptions on population distribution, 
the level of uncertainty in the air-pollution--health-effect estimates is clearly 
greater than ± a factor of 10. 

A convenient way to help understand the risk estimates is to scale them 
to a single person supplying one dwelling with wood over a 40-year period. This 
results in a total risk of fatality of ''i .6 X 10  (see Table I). For comparison, 
the risk of automobile-accident death in the USA for the same period is 
"-9.5 X 10. Thus, while the level of uncertainty in the estimates is great, 
wood fuel presents risks which are of the same order as more conventional heating 
technologies. Both are still well below the overall risk of other common activities. 
Nevertheless, many aspects of the risk are clearly amenable to preventive measures. 
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K.M. NOVAK, C.V. ROBINSON, M.D. ROWE 
Biomedical and Environmental Assessment Division, 
Brookhaven National Laboratory, 
Upton, New York, 
United States of America 

Health risks of photovoltaic energy technologies arise from mining, 
processing and refining raw materials and from fabrication, installation, operation 

and disposal of devices used to convert sunlight into useful energy. Using an 
accounting approach, public and occupational health risks are examined for four 
different photovoltaic cell alternatives 

silicon n/p single-crystal cells produced by an ingot process; 
silicon metal/insulator/semiconductor cells produced by ribbon growing; 
cadmium sulphide backwall cells produced by spray deposition; and 
gallium arsenide cells produced by modified ingot-growing. 

These alternatives cover a range of manufacturing options (e.g. ingot versus 
spray deposition) and materials (e.g. silicon versus arsenic) which might be used 
in future commercialization efforts. 



POSTER PRESENTATIONS 	 439 

The generic design for reference technologies was based upon a 25-kW pk 
decentralized photovoltaic system. This system serves as a preliminary example 
of a photovoltaic installation but with two important qualifications regarding 
its applicability to the design of future installations: (a) structural material 
requirements greatly overestimate materials likely to be included in future 
design; and (h) fabrication technology is rapidly advancing towards thinner and 
more efficient solar cells. Because the system was conservatively designed, 
materials used exceed those likely to be present in future designs. As a rcsult 
of these excessive demands, health risks subsequently calculated should he 
recognized to represent worse case estimates. 

Public health effects stem principally from pollutants released during 
various stages of the photovoltaic energy cycle. This initial study explored 
only effects of arsenic, cadmium and silicon. Although the silicon technologies 
are nearest to commercialization, prediction of public health risks from exposures 
to silicon or silicon monoxide is not possible. The toxicology of silicon dioxide 
(silica) is well documented, but the toxic effects of elemental silicon and silicon 
monoxide have not been investigated and cannot be assumed to be the same as 
for silicon dioxide. In contrast, information on health effects of arsenic and 
cadmium compounds is extensive, and dose-response functions for kidney damage 
from cadmium and lung cancer from arsenic can be constructed. 

Results of modelling efforts suggest that chronic exposure to cadmium 
emitted to the atmosphere during the photovoltaic energy cycle is unlikely to 
increase cadmium levels in the kidney cortex above 60 Mgg 	This is well 
below the concentration (150to300ig.g') at which renal damage is expected. 
Arsenic released during the photovoltaic energy cycle could induce a lung cancer 
rate of 10 	to 10 	deaths/l00 000 persons per year within 50 miles of 
photovoltaic-related facilities. The present lung cancer rate from all causes is 

43 deaths/IOU 000 persons per year. If long-range transport is considered, then 
total deaths in the USA from arsenic emissions in the photovoltaic energy cycle 
could range from 10 	to 102  deaths per year per lO' Btu. 

Effects of acute exposures from release of arsenic and cadmium during fire 
or accidental consumption of these materials were also examined. Potential 
exposures and doses were calculated and then compared with acute doses found 
in the literature. In both, exposure levels were well below thresholds where 
death would be expected. 

Thus, potential public health effects of the use of arsenic and cadmium in 
the photovoltaic energy cycle appear to be small in comparison with other 
hazards presently noted. Public health hazards related to silicon and silicon 
monoxide exposures cannot be assessed owing to lack of toxicologic information 
at this time. Measurements of exposures and compilations of some basic 
toxicologic information are required to improve the accuracy of the arsenic 
and cadmium damage estimates and to assess risks to be expected from silicon 
exposure. 
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Chemical and physical hazards produced in the workplace are the source 
of occupational health risks, e.g. effect of trauma to a hand or carcinogenic 
hazard of exposure to arsenic. Risks from chemical hazards were assessed 
using approaches similar to those described for public health. As noted, the 
toxicology of silicon dioxide (silica) is well documented and clearly shows 
that hazards exist in dirty situations like quartz mining. But silicosis, commonly 
suggested as a potential hazard in the photovoltaics industry, is entirely 
preventable its prevalence in existing industries has declined in the past decade. 
Exposures to silicon and silicon monoxide are expected from the different 
activities examined, but again no toxicologic information for these materials 
exists. Cadmium health-effects modelling suggests that chronic exposure in 
the workplace to cadmium levels above 	l0tg.m 3  is likely to produce cadmium 
kidney burden levels ( 200g'g) near or exceeding a concentration above 
which renal damage can he expected (150 to 300ig•g'). In-plant air quality 
measurements exceeding l0pg.m 3  level are commonly found in smelters. 
Results of arsenic modelling analysis suggest that if workers were chronically 
exposed to in-plant arsenic levels of l0pg.m 	their cancer rates would be 
10- 50% of the background levels for all lung cancers. 

Effects of other chemicals used in the manufacturing process were also 
explored. but only qualitatively. Many of the materials used could present 
either acute or chronic hazards, but actual exposures are unknown. More 
accurate estimates of these chemical hazards depend upon compilation of in-
plant measurements describing type and frequency of exposure, analysis of 
toxicologic information, and subsequent analysis of the expected risks. 

Most occupational mortality and morbidity effects probably relate to 
industrial risks similar to those encountered in the day-to-day operation of 
any industrial operation. Using an accounting method, risks from the extraction 
of the raw materials through to installation and eventual disposal of the 
photovoltaic devices were examined (Fig. i). Among the four alternatives. 
there are only small differences in total health costs. Material supply, installation 
and operation appear to contribute substantial portions of the damage within 
the entire photovoltaic energy cycle. The contribution of the fabrication 
facilities is small. At fabrication facilities, the relative risk to workers (- 50 
worker-days lost (WDL)/lOO man-years (MY)) is smaller than risks in other 
energy technologies; for example, in coal-mining the relative risk to workers 
is >100 WDL•lOO MY. The labour intensity of the photovoltaic energy cycle, 
however, increases the absolute or societal cost (risk per worker X number of 
workers) of producing electricity by photovoltaic energy systems. Net  health 
risks are nevertheless close to zero. 

More detailed information on the results presented in this note are 
described elsewhere [1-31. 
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Abstract—Résume 

QUANTIFICATION OF THE DETRIMENT AND COMPARISON OF HEALTH 
RISKS: METHODOLOGICAL PROBLEMS. 

Some of the methodological problems involved in the quantitative estimate of the 
health detriment of different energy sources and in risk comparison are described. First, the 
question of determining the detriment is discussed from the point of view of the distortions 
introduced in the quantification when dealing with risks for which the amount of information 
available varies widely. The main criteria applied to classifying types of detriment are then 
recalled. Finally, the problems involved in comparisons are outlined: spatial and temporal 
variations in the types of detriment, operation under normal and accident conditions, and 
the risks to the public and workers. 

LA QUANTIFICATION DU DETRIMENT ET LA COMPARAISON DES RJSQUES 
SANITAIRES: PROBLEMES METHODOLOGIQUES. 

On envisage quelques uns des problèmes méthodologiques poses par l'estimation 
quantitative du detriment sanitaire des différentes energies et la comparaison des risques. La 
question de l'identification des detriments est d'abord discutée sur Ic plan des biats introduits 
par souci de quantification a propos de risques caractérisés par des niveaux de connaissance 
trés hdtérogénes. On rappelle ensuite les principaux critères utilisés pour étabiir une classifka 
tion des detriments. Enfin, on envisage les problémes poses par La comparaison: hétéro-
généité spatiale et temporelle des detriments, fonctionnement normal et accidentel, risques 
pour le public et pour les travailleurs. 

445 
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INTRODUCTION 

Le theme du risque est souvent intervenu au cours des débats qui ont 
rCcemment concerné les choix CnergCtiques. 11 constitue a present une des di-
mensions indispensables a prendre en compte parmi les ClCments qui interviennent 
dans l'appréciation des politiques dans cc dornaine. Cet intCrCt a suscité 
l'Cmergence d'Ctudes, qui sont a present nonibreuses et gui visent a une analyse 
systCmatique de ces aspects, en particulier en termes d'impact star La sante et Ics 
Ccosystèmes naturels. Les recherclies sur l'Cvaluation du risque procCdent d'un 
double objectif: assurer une clarification des donnCes objectives en les présentant 
sous une forme systCmatique qui permette la comparaison, mais aussi, assurer a 
terme une mejileure allocation des ressources de süreté et de protection en 
dCgageant des prioritCs ou on soulignant d'éventuelles incohCrences. Face a ces 
questions, de nombreux problèmes mCthodologiques se posent quon abordera 
ici, en Se limitant au domaine des impacts sur la sante de l'homme. 

1. IDENTIFICATION DES DETRIMENTS 

Dans sa definition de Ia sante qu'elle proposait voilã déjà plus de dix ans, 
l'Organisation mondiale de Ia sauté (OMS) parlait d'un fcomplet etat de hien-Ctre 
physique, mental et sociab). II est utile de reprendre un tel concept pour Cvoquer 
seulement les multiples dimensions potentielles qui pourraient Ctre retenues dans 
une analyse des risques des systCmes CnergCtiques. Toutefois, puisqu'il s'agit 
surtout ici d'une perspective de clarification des dCbats, ii semble raisonnable 
de limiter d'emblCe le champ de cc qu'on conviendra d'appeler Ic detriment 
sanitaire a Un sens restreint, celui du bien-Ctre physique, et done de laisser dc cité 
le vaste domaine des effets d'ordre psycl'.o-sociologique. IL ne s'agit pas d'ailleurs 
de flier l'importance de ces derniers aspects mais, plutt, de considérer que leur 
nature implique un traitement different et spCcialisC, pour lequel 11 conviendrait 
que d'autres types d'analyses soient envisages. Nous nous limiterons done id, 

pour notre part, a Cvoquer les problèmes poses par toute tentative d'objectivation 
et de quantification des risques de Ia premiCre categoric. Mais, déjà a cc niveau, 
apparaissent de nombreuses difficultCs. 

La question de l'identification des risques est Ia premiere gui se présente. 
En effet, les multiples activités industrielles actuclies ou envisageables pour la 
production d'Cnergie couvrent un champ immense. oü Ic nombre de risques 
potentiellement envisageables est Cnorme. On observe d'ailleurs, star cc point, un 
effet de convergence dans les etudes effectuCes dont la plupart tendent a se 
polariser sur les mémes categories de risques. On comprend bien Ia logique d'un 
tel processus, mais ii faut prendre conscience Cgalement des biais ainsi introduits 
au niveau des résultats obtenus. A cc propos, plusieurs remarques doivent Ctre 
fai tes. 
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I.I. Les biais de Ia quantification 

Le recaurs a des donnes quantitatives est bien sür l'objectif immédiat. 
Mais on doit prendre garde au fait qu'il peut entrainer une série de biais. Le 

recours systématique a la quantification a accentué en effet l'importance du 

connu par rapport a l'thcertain. Or, souvent, Ic fait de disposer d'une information 
riche sur certains aspects du risque signifie que des efforts particuliers dc 
contrôle et de recherche lui ant été consacrés mais, pas nécessairerrient, que Ce 
risque est important en valeur relative. A l'inverse, la difficulté a quantifier un 

effet ne doit pas conduire a en négliger l'importance. 

I 2. Les enjeux sous-jacents 

D'une façon générale, le fait de retenir ou non une categoric de risque dans 
I'analyse n'est pas toujours suffisamment expliquC. En effet, Ic critére d'un tel 
choix est. thCariquement, l'importance relative de cc risque par rapport a d'autres 

qu'on nCgligerait et ccci est difficile a mettre en oeuvre. Aussi, de multiples 
considerations interviennent, qui relèvent aussi bien de la disponibilité des 
données scientifiques et techniques (on retrouve alors le biais signalé plus haut) 
que de l'inquiCtude que cc risque a suscité dans Ic public ou de considerations 
plus complexes. En effet, de multiples enje.ux économiques, sociaux et politiques 

sont sous-jacents a des dCbats de cette nature. Ce ne sont pas de pures considé-

rations d'ordre scientifique qui justifient a dies seules l'intCrét pour tel et tel 
problème. Dans Ia panoplie des risques potentiellement envisageables, ii est 
toujours possible A tel ou tel intervenant de brandir la nouvelle forme dc 
menace qul fera pendant a celie issue d'un dCbat antCrieur. S'il n'y a pas de 
solutions toutes faites pour rCsoudre une telle question, il faut néanmoins y 
prendre garde et conserver a l'esprit cette difficultC gCnCrale dans cc type 

d'C tude. 

1.3. Les lacunes des connaissances 

Au-delâ de ces considerations, 11 faut rappeler Cgalement que cc vaste 
domaine de l'analyse et de l'identification du risque est soumis a l'incertitude 

inhérente ala connaissance scientifique et a son evolution. Les recherches 
nombreuses suscitCes par ces dCbats font progresser cette connaissance et nous 

obligent a revoir de facon continue nos vues sur un certain nombre de problCmes 
et de prioritCs. Le débat et Ia controverse sont done un état qu'on pourrait dire 

normal a propos de ces rCsultats qui ne peuvent Ctre tout a fait convergents. 

Certains risques sont d'ailleurs négligés du simple fait, non pas des incertitudes, 
mais d'une lacune complete des connaissances scientifiques disponibles. 
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CRITERES 11Th CLASSIFICATION l)TIS I)ETRIMENTS 

Face a l'extrême variétê des risques susceptibles d'être envisages, un certain 
nombre de categories sont gCnCralement proposées conformCment a un usage 
qui repose, dans une large mesure, sur l'expCrience du risque radiologique. Ces 
categories sont établies a partir des critCres suivants: 

-- Population ou structure affectCc: risque professionnel, risque pour le 
public (effet de voisinage des installations mais aussi d'usage de lénergie), pour 
l'Ccosystème naturel (considCré soil comme milieu de transfert nu comnie 
système biologique final). etc. 

Extension spatiale et temporelle des impacts: ii y a lieu de distinguer a 
cc propos six combinaisons au moms selon qu'il s'agit d'effets beaux. régionaux 
ou mondiaux a court terme cu d'effets a long terme, c'est-à-dire, par exemple, 
qui affectent Ia descendance des individus exposés (effets gCnétiques). 

- La nature de l'effet biologique: effet .somatique, génétique par exemple. 
On notera a cc propos que Ia pratique consistant a tenir compte des effets 
génétiques semble encore privilégier be cas des radiations ionisantes alors que 
de nombreux mutagènes chimiques sont nCgligCs. 

- Le mécanisme biologique de b'effet Cgalement, scion qu'il peut ètre 
considéré comme stochastique ou non par exem pie. 

-- L'importance et la gravitC de létat: affection morte/Lc, susceptible ou 
non de faire l'objet de traitement approprié ou inorbiditC, donnant lieu a des 
soins médicaux. arrCt de travail et dont i'irnportance relative ne peut qu'Ctre 
appréciée sur Ia base d'un ensemble de critCres varies. 

Le mCcanisme d'apparition du rhquc: eirconstances normale tie fonction-
nement dos installations et cas aecidentels. 

A cc niveau, ii convient surtout do noter CIUC I'exigence prineipale que l'on 
doit attendre des etudes comparatives n'est pas seulement liCe a I'exhaustivitC 
des dimensions retenues. Ii importe egaiement qu'un traitement de mCme nature 
soit opéré C propos tie l'ensemhle des risques comparables qu'on prend en 
compte et, si cela n'est pas rendu possible du fait de l'absenc.e des donnCcs 
nécessaires, ii est souhaitabie qu'une telle particuiaritC soil clairement indiquCe. 

L'EVALUATION COMPARATIVE DES DETRIMENTS SANITAIRES 

3.1. Les objectifs possibles 

Le problCme de l'évaluation du risque et du choix des mCthodes appropriCes 
pour y parvenir ne peut Ctre traitC dans labsolu. Ii ne peut Ctrc envisage qu'en 
fonction des objectifs poursuivis. Ceux-ci doivent Ctre précisCs. En effct, 
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historiquement, les etudes ont commence par se limiter ft urle comparaison des 
effets d'installations industrielles isolécs: par exemple les centrales thermiques 
classiques et nuciCaires. On a ensuite inclus l'ensemble des operations industrielles 
liCes ft lex traction, a la preparation et au transport Cu combustible, introduisant 
ainsi le concept de cycle complet. Des etudes plus rftcentes incluent las operations 
de démantClement et de gestion des déchets. On est passé ainsi dun objectif Ce 
comparaison de techniques Clectrogftnes ft celui de comparaison de filiCres 
énergfttiques completes. Toutefois, ft partir du moment oil on a voulu intCgrer 
Cgalement des technologies décentralisées, une extension devenait nécessaire ft 
l'ensemble des activitCs dutilisation de l'Cnergie tnale dans Ia mesure oft celle-ci 
devenait indissociable de sa production. Par ailleurs. Ia prise en consideration de 
techniques prCsentant une large diversitC du point Ce vue de leur contenu 
capitalistique (charbon, nuclCaire, hydraulique par exemple) entraine Ia nCcessité 
cl'un calcul incluant les risques induits par Ia construction. Dans cette evolution, 
l'idCc d'une comparaison de (technologiesl alternatives parC dc sa consistance 
et disparait donc progressivement au profit d'un objectif de comparaison Ce 
scenarios CnergCtiques complets Ctablis par combinaison en proportion variable 
de diffCrentes filiCres (en termes d'cxploitation et d'investissemerit). 

Quels c'ue soient l'objectif retenu et son degrC d'amhition, las technologies 
analysftes doivent Ctre nCcessairement spécifiCes dans le cadre de scenarios 
précisant: 

Ia localisation retenue par les installations (et done lcs caractftriStiqLlcs 
des populations exposCes), 

- l'Ctat des réglementations Ce silretC at de protection, 
- l'origine des matiCres premiCres et leur caraetéristique. 
- l'Ctat précis des technologies, 
- l'Cnergie netre produite (afin de preridre en compte i'autoconsommation 

ales chaines CnergCtiques considérdes). 

3.2. L.a prise en compte du temps 

Trois caractftristiques au moms sont ft considCrer sur le plan teniporel: 
- La dorée de fonctionnement des installations. 
- La durée de vie de polluants non dCgradables Cans l'environnement, 

probléme souvent soulevé dans le cas des radioClCments de longue pCriode at des 
dCchets radioactifs, mais qui se pose de Ia mftme façon pour tous las produits 
chimiques partiellement non dCgradables, c'est-ft-dire qui conservent leur toxicitft 
Cans l'environnement sous leur forme initiale ou ft Ia suite de transformations 
physico-chimiques diverses. Le concept d'engagement de idose collective 
introduit ft propos de radionucléides constitue un moyen pratique pour rendre 
compte de ces phftnomCnes d'irrCversibilitC au cours du teinps pour des produits 
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partiellement ou non dégraclables. If serait souhaitable que l'usage d'une telle 
notion soit éteridu au cas des substances chimiques présentant des caractéristiques 
de cette nature. 

La durée des temps de latence qui peuvent intervenir entre le moment de 
l'exposition et celui de l'apparition des effets pathologiques induits. 

3.3. La specification du choix des sites 

File est trés importante pour l'estimation des effets sanitaires au niveau du 
public. Sur le plan de Ia süreté. comme de Ia protection, fa méme technologie 
placée dans des environnements naturels et humains différents aura des effets 
sanitaires) trés variables. La definition des sites constitue donc une phase im 

portante du travail d'évaluation; on a recours souvent pour cela a La notion de 
((site moyen)) défini empiriquement pour des conditions gCriCrales de transfert 
(mer, lac, rivière) et de population compatibles avec les situation nationales 
moyennes qu'on envisage. Ji est certain en tout cas que ces divers éléments 
peuvent ëtre trés différents scion Ic contexte national qu'on Ctudie et aboutir en 
consequence a des rCsuttats très variables en termes d'effets sanitaires sans que 
ces differences soient imputables a des mCthodes ou a des donnCes de base 
divergentes. Ces considerations suggérent Cgalement qu'on ne peut pas directe-
ment extrapoler sans precaution les résultats obtenus dans un pays donnC a un 
autre. 

3.4. L'expression quantitative du detriment sanitaire 

Chaque fois que i'objcctif qu'on poursuit est de nature comparative, on est 
amenC a tenter de trouver une échelle de mesure commune a l'ensemble des 
detriments sanitaires considCrés. Cependant, on Sc trouve confroritC dans cc cas 
i l'extrême heterogeneite des effets sanitaires rencontrCs: accidents du travail, 
mortels ou bCnins: pathologies cancéreuses mortelles ou guCrissables, effets 
d'aggravation de pathologies respiratoires, etc. Deux grandes categories d'indi-
cateurs peuvent alors Ctre utilisCes pour rCsoudre cc problème: 

ceux qui s'expriment en termes ((CpidCmiologiques)) (nombre de décCs, 
années de vie perdues, jours de travail perdus, cas de maladies imputables, etc.); 

ceux qui s'expriment en termes monCtaires (coüts mCdicaux induits 
par telles ou telles affections, cotits des compensations obtenues au titre d'une 
maladie professionnelle, ou mCme pertes de revenus, de production consCcutives 
a l'absentéisme pour fait de maladic, etc.). 

Dans le domaine du risque considéré, ii sembie hautement préférable, pour 
des raisons liCes a l'effort de clarification qu'on poursuit dans ces travaux, de se 
limiter aux indicateurs du premier type.  Ceux-ci ont en effet pour mérite 
principal de ne pas dCpendre entièremcnt du contexte national oi us ont Cté 
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tab1is (a la difference des seconds) et donc de pouvoir faire l'objet de con-
frontations internationales valables. Par ailleurs, compte tenu du nombre 
finalement minime d'effets sanitaires qu'on peut attribuer a la production 
d'énergic, ii est inutile de placer cette question dans Ic champ de l'économie de 
la santC et de s'engager sur une antic categoric de problèmes dClicats et encore 
mal résolus concernant I'évaluation du coüt social du detriment. 

3.5. Le ca.s du risque d'origine accidentelle 

Celui-ci prCsente une double particularité. D'une part, les etudes quanti-
tatives concernant I'évaluation des probabilitCs d'occurrence et des consequences 
d'accident sont encore peu developpées en dehors du cas de certaines instal-
lations (centrales nuclCaires, barrages hydrClectriques); par consequent, it faut 
se garder des effets de polarisation sur les rCsultats disponibles, alors que des 
etudes analogues n'ont pas etC faites sur des installations prCsentant également 
de tels risques (raffineries, mCthaniers, terrils, etc.). D'autre part, it seinhle 
indispensable de conserver dans Ia presentation des résultats concernant le risque 
accidentel son caractCre spécifique. En particulier, ii conviendrait d'éviter de 
calculer des valeurs moycnncs du risque obtenu en multipliant des probabilités 
d'occurrence par des estimations de consequences et de comparer sans precaution 
ces valeurs a celles qui correspondent au detriment en fonctionnement normal. 
Ii semble donc qu'C cc propos l'effort de coniparaison giobale trouve une limitc 
et qu'il soit prCférable, pour des raisons de clarification réelle, de conserver ane 
distinction nette entre les detriments en fonctionnement normal et accidentel, 

quitte a conserver la possibilitC de comparaison tinterne) au scin de ces categories. 
Des re marques analogues pourraient d'ailleurs Ctre faites a propos du risque pour 
les travaifleurs et du risque pour 1e public d'une part, et de la distinction 
construction-exploitation d'autre part. 

CONCLUSION 

Au-delâ de ces quelques remarques méthodologiques genCrales qui ne prétendent 
en aucune manière constituer une revue exhaustive, it parait important d'insister 
sur la nCcessitC de presenter de façon relative, aussi souvent que cela est possible, 
les résultats des etudes, c'est-à-dire de trouver des élCments de rCférence per-
mettant de situer les résultats obtenus par rapport au contexte dans lequel its se 
situent, afin de dégager clairement les ordres degrandeur des phénomCnes qu'on 
Cvoque. Par exemple, valeur de la pollution de fond sur laquelle vient se sur 
ajouter Ia pollution due a l'activitC considérée, frequence totale des pathologies 
et supplement apportC par l'activitC en question, valeur moyenne des risques 
professionnels dans Ic contexte qu'on considére, etc. 
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11 importe, en effet, quo ces etudes parviennent aux objectifs qu'elles 
poursuivent, c'est-à-dire clarifier los débats sociaux, rtablir a leurjuste niveau 
des perceptions erronCes des risques technologiques et aussi dCgager des priorités 
ou des incohérences dans notre facon do gCrer Ia sUretC et la protection. 
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DISCUSSION 

I.M. TORRENS: You made the point that adding together the health 

effects from accidents and from normal operation creates difficulties. The 
greatest factor as regards accidents in the case of nuclear power is uncertainty. 
It is thus difficult to envisage a comparison of the health effects of nuclear power 
and other energy sources in which the effects and probability of accidents are not 
included. Do you not think that this problem makes any risk comparison 
between nuclear and other sources of energy somewhat suspect? 

H. JAMMET: No. Separate comparisons can be made for the detriment 
associated with normal operation and that due to accidents. Uncertainties exist 

in all power generation systems - hydro, gas and nuclear included. 
F.A. SElLER: One important problem area is missing in your discussion of 

the temporal aspects. You proceed from releases and exposures directly to health 

effects, but omit the important aspect of dosimetry: we need to know how much 
of a given toxicant is deposited and is responsible for the health effects observed. 

Unfortunately, a large number of publications in this field adopt the same approach, 

with the result that there are great uncertainties in our risk asessments. A 
major effort is needed in this area if we are to improve the quality of our 
assessments. 

H. JAMMET: The dosimetric aspects are indeed important if we wish to 
use exposure indices. We have used the effective collective dose as an index 
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of exposure and it is representative of radiological detriment. The same 
methodology can be used for chemical detriment if the intake of toxic substances 
is known. 

R. WILSON: The term or concept of rad-equivalence has been used by 
you and others at this Symposium, but I think it is both unnecessary and 
undesirable: unnecessary because exposure indices can be directly related to a 
risk level, and undesirable because the level of risk associated with 1 rad (or 
I rem) can change if the dosimetry changes, as has happened recently in the case 
of the Japanese atomic bomb survivors. Could you comment on this? 

H. JAMMET: Exposure indices are a useful and simple tool in assessing 
radiological detriment. It is also possible, from the methodological point of view, 
to use them for chemical detriment if we have a good scientific equivalence for 
the stochastic effects between chemical and radiological substances. 
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Abstract 

COMPARATIVE RISK ASSESSMENT OF TOTAL ENERGY SYSTEMS. 
The paper discusses a methodology for total impact assessment of energy systems, 

ideally evaluating all the impacts that a given energy system has on the society in which ills 
imbedded or into which its introduction is being considered. Impacts from the entire energy 
conversion chain ('fuel cycle' if the system is fuel-based), including energy storage, transport 
and transmission, as well as the institutions formed in order to manage the system, should be 
compared on the basis of the energy service provided. A number of impacts are considered, 
broadly classified as impacts on satisfaction of biological needs, on health, on environment, 
on social relations and on the structure of society. Further considerations include impacts 
related to cost and resilience,and, last but not least, impacts on global relations. The paper 
discusses a number of published energy studies in the light of the comparative impact assess-
ment methodology outlined above. 

1. 	INTRODUCTION 

The purpose of this paper is to place health impacts of  
energy systems in the context of a total impact assessment. In 
many cases health and non—health impacts have common causes and 
cannot easily be treated separately. Furthermore, it is useful 
to have a notion of the relative importance of health and other 
impacts for different energy systems, in order not to be tempted 
to draw comparative conclusions on the basis of health effects 
alone, when a total impact assessment may lead to quite different 
conclusions. 

In the following sections 2 - 5, some methodological ele-
ments will be discussed, and in sections 6 - 8 their application 
to individual energy systems will be taken up. Only examples of 
such applications will be dealt with, since no complete analyses 
have yet been performed. 

455 
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2. TOTAL IMPACT ASSESSMENT 

A full comparative assessment of different energy systems 
must consider all impacts of each energy system on the society into 
wruich its implementation is considered. Among these impacts are 
usually some that may be labeled positive, while others are 
labeled negative. Some Impacts may be of a mixed character: e.g. 
the discharge of waste heat to a water body may improve living 
conditions for some of the flora and fauna of the water body, 
but living conditions may deteriorate for other parts of the 
biota. The positive impacts of energy supply are primarily the 
benefits associated with the tasks for which the energy is 
applied. These include production of services and goods. Some 
of the positive effects may be indirect, through a general stimu-
lation of economic activity, through stabilisation of energy 
supply, or through positive changes in attitudes towards a given 
society. 

The main areas of potential (negative) impacts of energy 
systems may be classified as related to the physical, the human 
and the social environment. The physical impacts include modi-
fications of micro- or macro-climate, e.g. caused by carbon 
dioxide or heat releases, deterioration of terrestrial or marine 
ecosystem (e.g. by disposal of pollutants) and resource degrada-
tion (such as landscape effects of strip-mining) . The impacts 
may be site-displaced (air pollution traveling across national 
borders) or time-displaced (migration of radioactive waste or 
other pollutants from burial site to drinking-water sources) 
and the impacts may depend on complex interactions exhibiting 
threshold effects (triggering of Arctic ice melting or, conversely, 
extension of glaciation) - 

The effects on individual human beings include health 
effects caused by work or public exposure. The causes may be 
safety related (accidents), they may be noxious substances, noise 
and stress-producing working conditions, and they may be radia-
tion exposure. In the case of accident risks a special problem 
is presented by events with small probability but large conse-
quences. This extends into the social impacts, since such events 
present not just individual but additional social risks, if the 
consequences are disruptive, or if the social risk perception 
is enhanced by the character of the accident consequences. Exam-
ples of impacts on the social environment are modifications in 
the distribution of burdens laid on different social groups 
(preponderance of poor people living close to a polluting power 
plant, while the power-consuming high-income groups have moved 
away) , altered employment opportunities, shifts between differ-
ant types of regional development (e.g. centralized versus de-
centralized) , changes in control structure (establishment of 
novel institutions, perceived need for anti-terrorist protection 
of energy installations, etc.), demand on foreign currency and 
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imported technology, modification of supply security (which may 
mean different things for the individual and for society, resi-
lience meaning access to more than one supply option, in addi-
tion to reliability of a given energy supply system). And to 
conclude the list, any other interference with a society's range 
of goals will constitute an impact of the social environment. 

3. 	RISK CONCEPTS 

Risk is a common-language word which is used to express at 
least the following three different concepts: 

Direct risk is the probability of experiencing one unit of 
damage (e.g. the loss of one human life) per unit of time [1]. 
It can be expressed in the product form 

direct risk 	 frequency 	x 	damage 

(Consequences/year) 	(events/year) 	(consequences/event) 

Social risk is a measure of the implications for a given 
society of an activity entailing a direct risk specified by 
frequencies and corresponding damage magnitudes of individual 
events. Of specific social concern are events with small proba-
bility but large consequences. This is a reflection of the dif-
fering capability of a given society for handling small, fre-
quent accidents (such as automobile accidents) as compared with 
large-consequence events for which society is ill prepared (due 
to their low probability) or which society is simply incapable 
of handling due to its finite resources (e.g. number of hospi-
tal beds) or at the extreme due to a collapse of vital institu-
tions (e.g. in case of a major nuclear reactor accident affect-
ing the administrative capital of a small country) [2]. 

As a crude way of quantifying the social risk it has been 
proposed to use an expression of the form 

social risk 	frequency x (damage) 

where the damage is raised to some power p (larger than one), 
which depends on the structure of the society in question [3]. 

Perceived risk is the risk of a given enterprise as per-
ceived by the public. It may differ from both the direct and the 
social risk and may exhibit short-term fluctuations and may be 
strongly influenced by coverage in media. It also reflects public 
confidence/mistrust in authorities and in many cases a large 
discrepancy between perceived risks and officially stated 
direct or social risks may reflect a history of previously expe-
rienced inaccuracy of official reassurance statements. In this 
sense, perceived risks would have to be taken seriously in risk 
assessment. Generally, emotional expressions are of course basic 
in defining social priorities. 
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4. COMPARATIVE RISK ANALYSIS 

Some of the impacts of an energy supply system can be quan-
tified, others cannot. Of the quantifiable impacts, some may 
be evaluated in monetary units, others may not. A complete as-
sessment of a given system includes a political evaluation of 
all the impacts, and a comparative assessment of different sys-
tem choices involves a weighting of the impacts of the systems 
against each other. Since the impacts of different systems ac-
cording to the definition used here may be incommensurable, 
such a weighting involves value judgements, i.e. a political 
decision. If the subset of impacts lending themselves to eco-
nomic interpretation is considered in isolation, the term full 
costing' is applied, in order to make a distinction from the 
direct costs alone. 

A comparative assessment of energy systems must deal with 
two major obstacles: the existence of unacceptable impacts and 
of impacts with large uncertainties. The definition of impacts 
which a society will consider unacceptable should be made open 
to democratic debate. Examples may be catastrophic accidents 
of disruptive size and major impacts occuring with a time- or 
site-displacement (so that other - eventually future - societies 
would bear the burden without sharing the benefits) . Once a 
society has agreed which impacts it considers unacceptable, it 
would accept only such designs of energy systems for which un-
acceptable impacts are absent. The problem of uncertain impacts 
may also be dealt with by excluding energy systems with uncer-
tainty intervals stretching into theunacceptable regions. More 
problematic is the intercomparison of different systems with 
large uncertainties of different nature. Again the rules for 
comparison should in such cases be derived by full public par-
ticipation, since such rules are necessarily politically debat-
able. Under the heading uncertainty' should also be considered 
the possibility of future changes in the attitude to selection 
of acceptable and unacceptable impacts. Elements of a methodo-
logical approach to comparative assessment of energy systems 
may be found in [4-81. 

In identifying the impacts of a given energy technology, 
the full energy cycle must be considered: from construction of 
equipment, inputs of energy and materials, extraction and refin-
ing of fuels - if such are involved - through operation under 
normal and abnormal conditions, to eventual dismantling of the 
equipment and disposal of any byproducts emerging as a result 
of the energy conversion scheme. Furthermore, impacts may arise 
from the use of the transport, transmission and use of the energy 
produced, 	from the institutions created for management of the 
supply system, and so on. 

Many studies have compared some impacts of different energy 
systems on the basis of equal energy production, e.g. considering 
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various fuel cycles from resource extraction to the generation 
of electric power, on the basis of given power production. This 
would ignore any differences occuring in the further transpor-
tation, conversion and use of the energy all the way to the 
final services provided. The procedure would not catch differences 
between centralized and decentralized systems in terms of power 
transmission requirements, and it would not be capable of treat-
ing energy systems not based on a simple energy production, 
such as passive solar houses or systems involving changes in 
end-use structure leading to the elimination of a certain energy 
use. 

The proper basis for comparing energy systems is thus the 
service provided by the energy system (the term "end-use' could 
be applied but unfortunately it is often used for 'energy deli-
vered to the final customer', a quantity that may exceed the 
energy spent on the desired service by a large factor, cf. [91). 
In many cases there would be alternative ways of providing the 
service in question, with different amounts of energy input 
corresponding to different system designs and technology. Energy 
input may then be substituted by measures leading to a higher 
efficiency, in which case the impacts of energy provision must 
be compared to the impacts associated with the measures of ef-
ficiency improvement. This can only be done on the basis of an 
identical service delivered. This concept will be further 
illustrated in sect.7. 

5. MARGINAL AND COMPLETE ENERGY TRANSITION 

If only a small part of an existing energy system is replaced 
by a new one, the evaluation of indirect impacts is simplified. 
In this case, the gross social structure is given, and 

impacts associated with e.g. energy or raw materials inputs to 
the new system part may be evaluated using the existing produc-
tion methods, for which impacts are in principle known or could 
be measured (except for the possibility of latent time-displaced 
impacts) . The impact on employment, balance of foreign payments 
etc., is similarly determined, and social impacts - for instance 
through changes in energy use styles - would be accessible 
through means such as interview studies. 

As the change in energy systems becomes more than marginal, 
it would no longer be acceptable to base the evaluation on the 
present surrounding system, i.e. the presently employed methods 
of providing process energy, materials, etc., for the new energy 
technology, and the present social structure as an indicator 
of the impact that the new energy technology may have on its 
surrounding society. As the energy system changes in a major 
way, new approaches to obtaining energy and materials inputs 
will come into play. This does not necessarily mean that each 
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new energy source will provide the energy for its own establish-
ment, because it may furnish other forms of energy than those 
which it requires during the construction phase, but the chang-
ing mix of energy sources will define the energy inputs drawn 
upon at any given time. Similarly, a dynamical approach to 
materials provision, and to social impacts, must be used. This 
is highly demanding, since it demands a model for the social 
development to go along with the plan for replacement of the 
energy system. And clearly, the energy system does not define 
the social structure (although it may be one factor influencing 
it), so it may be required to view the emerging energy system 
in the light of several social development models, in which the 
same energy system may give rise to different impacts. 

E. 	TOTAL ITIPACT CRITERIA 

The different methodological elements described in the pre-
vious sections may be summarized in a 'checklist of impacts to 
be assessed for each energy system. Such a checklist may take 
the form suggested in Table I, containing a number of criteria 
with which a given total energy system may be more or less com-
patible. The table indicates a scale of compatibility ranging 
from 'highly incompatible' (negatively correlated with) over 
neutral to highly compatible (positively correlated with) 
The set of criteria reflect basic individual and social goals, 
ranging from biological needs over human relations and concern 
for the environment to broad questions of international reLa-
tions and potential conflicts. This alLows the energy systems 
to be checked for their degree of consistency with different 
types of social and political organization. Some of the criteria 
directly or indirectly affect health, others do not. 

Furthermore, some of the criteria reflect issues on which 
there is a general consensus, while other ones probe into cul-
tural and economic organization of society, in some cases pro-
viding antithetic criteria, for which simultaneous compatibility 
of a given energy system would eventually be excluded. 

The 'degree of compatibility' scale is provided as a first 
attempt at making the assessment quantitative. Only in a few 
cases can a truly quantitative impact assessment be obtained in 
comparable units. The idea of the checklist, which does not in 
its present form claim to be exhaustive, is to avoid unquanti-
fiable aspects of the assessment being left out of the analysis. 

Many of the criteria formulated in Table I are subject 
to interpretation. For example, item 10 (the energy system's 
compatibility with having high material standards) may include 
questions on the possibility of launching demand stimulating 
campaigns (by the energy-providing utility companies or fuel-
selling companies), and item 16 (avoiding redundant institutions 



IAEA-SM-254/105 
	

461 

TABLE I. CHECELIST FOE EACH CONTEMPLATED ENERGY SYSTEM 

Dcgreu of corpatibility with: neutra1 

1. 5atisfaction of basic biological noado 
0 	 1- 

5. Acceptable health impacts + --------- 
 Er.suring individual security + ---------+ ---------+ 
 Having meaningful social relations -I- ---------+ ---------4 

 Having meaningful work activities + -------------------+ 
 Acceptable accident risks +------------------- + 
 Concern for physical environment +--------- 
Specifically: 	7a. Climate impact + -------------------+ 

78. Air, water and soil + ---------+ 
Mineral resources +--------- + ---------1- 

Biota, 	ecosystems +--------- + --------- 
9. Concern for work and mental environment - ---------+ ---------+ 

 Goals of a competitive society + ---------+ --------- 
 Goals of a society based on equity +--------- + --------- 
 Goals of a non-competitive society + -------------------+ 
 Emphasis on strong division of Work + -------------------+ 
 Goals of a tradition-based society + --------------------+ 
 Goals of a pluralistic society 4 ---------4---------+ 

 Encouraging democratic participation + ------------------- 
 Avoiding redundant institutionalization 
and infrastructure 

 Avoiding power concentration + ----------i----------+ 
 Having high material standards 4------------------- 
 Having high non-material standards + ---------+ --------- 
 Acceptable energy provision shore of 

e0000my(r acceptable cost of energy ) f ---------+ ---------+ 
 Acceptable cost uncertainties +-------- 
 Resilience of energy supply system + ---------+ --------- 
 Political independence + ---------+ ---------+ 
 Keeping future development options open + ---------+ ---------+ 
 Minimizing potential for conflicts and 
wars +---------+ ---------- 

 Improving international relations +---------+ 
 Improving conditions for development in 
the worlds poorest regions + -------------------+ 

 Overall evaluation being inaer.sitivo to 
uncertainty in individual impact estimates + ----------,- 

and infrastructure) may include questions of the feasibility of 
stimulating energy efficiency. In many cases, the energy insti-
tutions and infrastructure are barriers against efficiency ire-
provements (e.g. high fixed fees for electricity or district 
heating provisions, combined with low fees proportional to 
energy use) - 
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7. A HEALTH IMPACT CASE STUDY 

In this section, the difference between system comparison 
based on equal energy production and,alternatively,on equal 
energy service delivered will be illustrated by considering 
occupational health impacts of lighting. 1  

The average U.S. delivery of light amounts to 540 lumen 
per capita. To provide this an average electrical power input 
into lamps of 40 w/cap is used ho], corresponding to a primary 
energy input of about 120 W/cap. The lighting service is likely 
to be smaller than the lumens delivered from the light bulbs, 
due to Only a fraction penetrating lamp-shades and being directed 
towards useful areas. 	Assume that the actual lighting ser- 
vice is 150 lumen/cap, a figure that may be high relative to 
the light made useful when reaching proper surfaces for reading, 
working and leisure activities, but a figure which recognizes 
that also some of the diffuse light from lamps is performing a 
service in providing a pleasant environment for people. 

Table II summarizes the steps involved in providing the 
lighting service by conventional incandescent light bulbs powered 
from a coal-fired electricity plant. 	The table also gives an 
estimate of health impacts for each step, as provided by [11,12]. 
The attempt here is to include the manufacture requirements 
throughout society for each fuel-cycle step, using present (U.S.) 
industrial structure and bio-medicat data In this sense the 
health impact evaluation is a total one, but it only includes 
fatalities and work-days lost as a result of injury, not social 
impacts and mental injuries. It thus does not provide a complete 
impact evaluation even for the items 2 and 6 in Table I, and 
not at all for item 8. 

In Table III, a similar evaluation is made for a different 
energy system, proposing to provide the same lighting service by 
high-efficiency light-bulbs 1101, by inproved light-guidance to 

relevant areas (more transparent shades, more reflecting walls, 
etc.) and to provide the electric power by wind generators feed-
ing into the existing grid. In order to use the same health 
impact data as for the coal-based system, a marginal system 
change approach was used, assuming that the introduction of 
wind energy does not lead to institutional changes, and that 
specific back-up facilities would not be required (correspond-
ing to a wind energy share in the system of up to about 25 %, 
cf. [ 13 ]). 

Fig.l compares the occupational impacts of the two systems, 
on the basis of equal (electric) power production and alterna-
tively on the basis of both providing a lighting service of 150 
lumen/cap. Clearly the 'equal power production' comparison 
gives a completely false impression of the relative impacts. 

If the purpose had been to compare energy sources alone or efficiency improvements 
alone, only one of these items would have been altered at a time. 
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TABLE II. HEALTH IMPACT OF PROVIDING LIGHT BY INCANDESCANT 
BULBS / COAL POWEB STATIONS 

Step 
Average energy 
input 	flux 

Impacts 

Injury 	Fatality 

(106MDL)* 	(10 	deaths) 

Mining 	(surface) 154 H 
543 

l2 

Processing/transport 139 H 43 
93 

Power generation, 126 H 

occupational hazard 
67a 

b +1720 
public hazard ? 

430 - 430 

Environmental protection 75' 
(desuiphuri z3tion) 

Power transmission 44 W 2000 40C 

Institutions a back-up I 
facilities 

On-site installations 40 P 3 3 

5 9 39 
Light bulbs 	(incandescant) 40 W 

Light distribution 540 lumen - - 

Lighting service 150 lumen - - 

Sum of center estimates: 444 518 

(of which occupational:) (444) ( 	 88) 

* MDL Man-Jays lost, 
Ref.[11]. 

b RefI 21; assumes low-sulphur coal and 90% desulphunzation. 
Very rough estimate based on cost of power production and of transmission 

being similar. 
d Ref.[ 12]; assuming Cost of (3) bulbs is US $2 and using category of 'control 
equipment'. 
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TABLE III. 	HEALTH IMPACT OF PROVIDING LIGHT BY 
ADVANCED LIGHT BULBS / WIND POWER 

Average energy 	
Impacts 

 
Step 	 input flux 	Injury 	Fatality 

	

(10 6MDL)* 	(10 deaths) 

Power in wind 12 W 

Power generation 3.9 w 
occupational hazard 29 a 3 a 

Power transmission 3.9 W - 	 200 40 

Institutions & back-up 7 
facilities 

On-cite installations 3.5 W 7 7 
(mci. 	transformers) 

Light bulbs 	(advanced) 3.3 w 35d 20d 

Light distribution 300 lumen - - 

(improved) 

Lighting service 150 lumen 

Sum of center estimates: 134 27 

* MDL = Man-days lost. 
a,b,c As in Table II. 
d Assumed cost of advanced light bulb: US $15 (1976 level). 

Table II indicates that the coal-based system has a 
public health impact that is poorly known hut which may exceed 
the occupational hazard in magnitude. 

Similar comparisons could be made for alternative ways of 
providing e.g. domestic hot water (for instance, comparing the 
cycle 'nuclear power -* electricity - resistance heating - hot 
water -+ rejected water' with alternative cycles 'solar collec-
tors - small heat storage - hot water - waste water heat exchan-
ger' , etc.) and space heating (for instance, comparing the cycle 
'fossil co-generation - direct heating lines - existing building' 
with: 'solat rooftop collectors - district heating lines - com-
munity heat storage - back through district heating limes - retro-
fitted building with lower heat requirements', etc.). 
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FJC.1. Comparison of occupational health impacts based on: 

equal power production 

equal lighting service. 

8. 	CRITIQUE OF PUBLISHED STUDIES 

A number of studies have been undertaken to compare the 
impacts of different energy systems or of different system com-
ponents. In some studies 1  cost was the only impact studied, and 
in other studies, health impacts alone were at issue 14,15,121. 
These studies were made on the basis of equal electric power 
production and they all suffer from the substitution of fairly 
arbitrary estimates for data not immediately available (with 
the underlying philosophy that had numbers are better that no 
numbers) 

Studies attempting to broaden the range of impacts con-
sidered, as well as considering alternative ways of a full tran-
sition between the present energy system and possible future 
ones, have tended to restrict most of the impact discussion to 
a qualitative level [16-19]. Some attempts have been made to 
systematize the methodology of impact assessment [20,4,7,8]. 
They have been drawn upon in setting up the set of compatibility 
criteria described in sect.6. 

A few recent studies have moved in the direction of quan-
titative assessment in some of the impact areas neglected by 
early comparative studies. Two such studies will be further 
discussed in this section [21,22]. The range of impact areas 
covered and the nature of coverage in these two studies are 
summarized in Table IV. The impact areas of Table I have been 
lumped together in broad categories for the purpose of Table IV, 
which gives the relevant item numbers for Table I in parentheses. 
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TABLE IV. 	IMPACT TREATMENT OF TWO ENERGY STUDIES 

Impact 

category ITASA[21] 

study: 

CIS[221 

Biological needs 
satisfaction 	(1+3) - Q 

Health (2+6) - - 

Environment 	(7,8) qQ m 

Social relations 	(4,5) - q 

Structure of society 
(9-19, 	23, 	24, 	28) m qQ 

Cost 	(20,21) p mqQ 

Resilience 	(22) (m) Q 

Global relations 
(25-27) mqQ q 

Key to treatment given: 
Q 	quantitative 
q 	qualitatwe 

m = mention 
- 	not considered (or only sporadically mentioned) 
impact categories give items of Table I included in parentheses. 

The IIASA study considers two world-demand scenarios, cor-

responding to different economic development and different allo-
cation of investments. All possible energy sources are invoked, 
but with emphasis on nuclear and coal technologies [21,2,24]. 
The CIS study, on the other hand, constructs a scenario for an 
all-renewable energy system for Sweden, considered to be dictated 
by a Swedish policy of leaving the best options for a rapid 
improvement of the situation in the world's poorest countries[22]. 

Neither study explicitly considers health effects, and the 
distribution of emphasis on the different impact categories is 
rather different. While the IIASA study assumes that the pre-
sent value system will be kept rigidly over the next 50 years, 
the CIS study explicitly assumes a change in value system to-
wards more emphasis on global solidarity and on placing a ceiling 
on material consumption in the rich countries. A similar 
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explicit modelling of alternative future value systems were un-
dertaken in the Stanford study [19], and has been suggested in 
other studies [5,25]. 

Although Table IV suggests that quantitative indications 
can be obtained in most of the impact categories, this is clearly 
not possible for each individual impact item. The importance 
of unquantifiable impacts have been recognized in earlier studies 

1261, as has the existence of thresholds in public accep-
tance of impacts, e.g. an upper thresholdbeyond which impacts 
are unacceptable [27]. 

Satisfaction of biological needs is used in the CIS study 
to define a minimum of food and energy supply. 

The little mention of health impacts in the JIASA and CIS 
studies is surprising, since the IIASA alternatives rely on nu-
clear systems with little known but potentially significant 
risks, in addition to the also little known - but qualitatively 
well established - health impacts of coal and other fossil tech-
nologies, and the CIS study relies heavily on biotechnologies, 
including forestry and methanol production industries, which 
may be associated with substantial risks and health impacts. 

Environmental issues are discussed in both studies. However, 
the CIS study is mostly concerned with work and mental environ-
ment, while the IIASA study makes a fairly thorough investiga-
tion of the possible climate impact of carbon dioxide from fos-
sil fuel combustion and yet draws the little qualified conclu-
sion that the indicated temperature rise associated with the 
fossil fuel use in the IIASA scenarios is unlikely to be a pro-
blem). The IIASA study also looks into the pollution aspects and 
the depletion of resources. On the other hand, no discussion of 
the broad ecological impact of the envisaged futures is under-
taken, and the work and mental environment is not men'tioned 
at all. There could be good reason to mention work conditions, 
e.g. in coal mines and nuclear reprocessing plants, as well as 
the impact on the mental environment of the security measures, 
that today are felt necessary in order to deter nuclear terror-
ism and sabotage. Clearly, the mainly decentralized energy 
system advocated by CIS would not have serious problems of this 

kind. 
Only the CIS study embarks on a discussion of the impact 

of energy systems on social relations. Indeed, this is a cen-
tral theme of the study, which claims that its energy system is 
particularly suited to a society with social relations better 
that those prevailing today, and with work conditions similarly 
improved, by means of a closer link between consumption and pro-
duction (i.e. production is directly controlled by people's de-
sire for consumption, in contrast to the presently detached pro-
duction structure, which invites production of some products 
that could not be sold without heavy promotion). 
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Actually, the CIS study treats all the questions of the 
structure of society listed in Table I as items 9-19 and 23-24. 
It specifically explores the goals of a non-competitive society 
and attempts to construct an energy supply system compatible 
with such a society. A quantitative assessment is made of the 
energy saving resulting from the study's proposed move towards 
a minimum of institutions and infrastructure. On the other hand, 
small and decentralized systems are preferred only when they are 
seen to provide clear advantages over larger and more centralized 
systems. The proposed energy system ensures political indepen-
dence and its minimum of institutions and infrastructure ensures 
that any change in policy can easily be made at a later stage. 
The CIS study comments that the opposite is true for nuclear 
power Systems. 

The IIASA study deals only sporadically with questions of 
social structure. It does treat the development of material stan-
dards (through the gross national product indicator) , and claims 
to have devised energy systems compatible with high material 
standards. In reality, it has only considered GNP and may in 
fact represent the trap exposed in the CIS study: creating a 
growing 'structur& taking up more and more of the total gNP, 
and thus leaving less and less to contribute to real material 
standard at the level of people. The ILASA study also discusses 
political independence, particularly in relation to fuel trade. 

Both st.udis estimate the direct cost of each scenario, 
and in the IIASA study the principle of minimum direct cost is 
even used to select the mix of energy sources [24].  The indirect 
Costs do not play a role in the choice of system. 

The question of system resilience is only receiving paren- 
thetical attention in the IIASA study, which explicitly assumes 
a 'surprise-free' world development, with presently decided oil 
production ceilings as the only politicel constraint'. In con-
trast, the CIS study makes a detailed analysis of the technology 
chains for each system component, i.e. it keeps track of where 
the materials and skills come from and which degree of dependence 
is involved. The preferred energy systems of the CIS study are 
described as sometimes 'complex but never complicated' , imply-
ing a mix of small- and large-size systems, a mix of centralized 
and decentralized systems, but never systems depending on asym-
metric relations between regions. The degree of local rooting 
may be taken as one resilience measure, other aspects being as-
sociated with the impacts that occasional technical failures may 
have. 

As mentioned, a picture of Sweden in the global development 
process underlies the CIS study. Key criteria are global elimina-
tion of poverty, of asymmetric dependence, of resource and envi-
ronmental exploitation and of the arms race. By relying on its 
own renewable resources, Sweden may take away some of the glo-
bal pressures. 
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The IIAS1 study also deals with global relations, but in 
quite different terms. Its central assumption is that economic 
development of the Third World countries is only possible if 
there is further economic growth in the rich countries [23. It 
is acknowledged that economic growth as defined by GNP does not 
adequately represent structural changes which may occur in dif-
ferent regions, and that the model used does exclude such chari-
ges [24]. It is of course precisely these structural changes 
that the CIS study attempts to model. 

In summary, the look into two fairly detailed energy stu-
dies has shown that the full range of impacts suggested in 
Table I is beginning to receive attention, but that their treat-
ment can be approached in quite different ways. While the CIS 
study tries to investigate an energy system based on an assumed 
change in value system and social structure, the IJASA study 
rigidly adheres to the socio-economic system that happens to 
prevail at present. The IIASA assumptions are probably shared 
by most political decision-makers today, while the new value 
system proposed by the CIS study has a fairly widespread accep-
tance by the younger generation in many western countries. The 
question is then whether this generation gets adapted to the 
views held by the present rulers, as they eventually take over 
the decision-making responsibilities, or if the new value sys-
tem will be replacing the old one along with the generation 
shift. 

Regarding those studies which propose to do quantitative 
comparisons of selected impacts, one should be very careful in 
drawing conclusions at the present state of the art. In the case 
of the nuclear energy systems, the most uncertain risk appears 
to be associated with large reactor accidents. The methodology 
used by the studies undertaken so far ([141 and related studies, 
e.g. [201) has been discredited as incomplete [29,2], and it is 
not even clear if the distribution of risk on accident size is 
correctly assessed or not [2]. Furthermore, the impacts associ-
ated with large-area land contamination has only recently been 
devoted detailed attention [30,31]. 

Similar criticism can be directed at the impacts associated 
with the air, water and soil pollution from fossil fuel and wood-
burning energy systems. The full range of health impacts have 
hardly been identified, and numerical risk estimates suffer from 
large uncertainties (cf. e.g. [12]). 

More satisfactory is the assessment of occupational risks 
associated with construction and manufacture processes inherent 
in energy-system equipment and operation. The problem is here 
that the calculated impacts are not properties of the energy 
systems themselves but of the particular industrial methods 
by which the systems are produced in given regions and at given 
tines. In this respect, the studies are useful in indicating 
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those areas where a change in manufacturing process is called 
for. But in terms of comparative evaluation of different systems 
one should be very careful in assessing whether the industrial 
method underlying given impact figures is essential or not, i.e. 
if it would be technically and economically justified to use 
alternative industrial methods with smaller impacts. 
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DISCUSSION 

L.D. HAMILTON: The health impacts of energy sources represent only one 
of the factors taken into account in energy policy. This Symposium focuses 
essentially on quantitiating those health impacts, and that is a necessary precursor 
to the type of analysis carried out by you, which depends not only on changing 
the kind of energy used (coal to wind power, for example) but also on increased 
end-use efficiency (in the form of improved light bulbs, for instance). 

B. SQRENSEN: I agree with you that detailed studies for limited impact 
categories are necessary inputs to a total impact assessment. My reservation was 
directed at scientists who present the results of limited analyses to the public 
and decision-makers in such a way that the limitations are not clearly described. 

S.C. MORRIS: You say that risk probability X damage but that for low-
probability accidents with high damage the relationship should be risk = 
probability X (damage), raising damage to a power to account for society's lower 
ability to cope with such accidents. It is my understanding that, in decision and 
utility theory, the more conventional approach in such cases is to use a multiplying 
factor rather than a power, that is risk = p X probability X damage (where p is 
a factor). Could you comment on why you think damage should be raised to a 
power rather than simply multiplied by a factor? 

B. SRENSEN: My suggestion is that social risk is still proportional to 
probability but that it increases more than linearly with the amount of damage 
per event. This becomes clear if you take, for example, a traffic accident causing 
one death, an aircraft accident causing 100 deaths and a nuclear accident causing 
10000 deaths, and consider society's capability of handling these accidents. 
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Abstract 

QUANTIFICATION OF TITLE HEALTH HAZARDS ASSOCIATED WITH DIFFERENT 
ENERGY SOURCES. 

Comparisons of health hazards which may result from the operation of different types 
of electrical power-producing systems are a necessary input to the decision-making process 
of planning future supplies. Although other factors have played a dominant role in the past 
and will continue to be a major intluence, much greater attention is now devoted to a con- 
sideration of detriment to health associated with large-scale industrial development. The paper 
considers only this health aspect of the comparison and concentrates on one aspect of that, 
namely on how the impact on health of workers and public can be expressed to represent the 
detriment. Two measures are discussed the number of deaths and the effective loss of life, 
both evaluated per GW(e). a. The latter is extended along the same lines as in the ICRI' 
publication 'Problems Involved in L)eveloping an index of Harm'. The index of harm is a 
measure of hazard to a worker in a particular industry; the analogous quantity here is a measure 
of hazard of operating a l-GW(e) power plant. For illustration, the hazards of coal-fired and 
nuclear power stations are compared although certain factors are omitted from both cycles 
which it will be essential to include if the method is extended fri bring wind, wave and solar 
energy sources into the comparison. Inevitably some contributions are very difficult to 
quantify and it may be more realistic to consider these qualitatively rather than attempt to fold 
them in with artificial numerical values. The procedure described for the inclusion of 

quantifiable factors seems to be a reasonable basis for comparison but it is not suggested that 
any such procedure is adequate by itself. Clearly comparisons should he made on several 
distinct bases. 

1. INTRODUCTION 

There is global interest in the attainment of an assured 

energy supply for industry, hospitals, domestic and other require-
ments. 	The need is strong for both economic and social reasons. 

For technical reasons any energy strategy will always be based on 
several sources but within certain practical bounds the propor- 

tion contributed by any one is adjustable. 	The decisions 
involved are of a long-term nature since the development and 
implementation times are long compared with the life of most 
governments. 	The factors influencing the decision are economic 
(the relative costs of producing a unit of electricity), 
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practical (the availability of the energy source) and social (the 

environmental and health consequences of each possibility). The 

wider social question of changing society to be less dependent on 

energy, regarded by some as the ultimate solution, will not be 

considered in this paper even though there may be associated 

health consequences; neither will the economic or practical con-

siderations. 	Here we shall discuss only the implications to 

health of both workers in the power industry and of members of the 

public from the exploitation of an energy source. 	In particular, 

we shall address ourselves to the problem of the expression of the 

impact. 

The hazards associated with the use of energy sources may 

be of varied character - there may be short-term minor discomforts 

or injuries there may be major injuries or fatal accidentsj and 

there may be long-term health effects such as chronic diseases or 

late effects. 	These late effects include death due to induced 

respiratory or circulatory system damage, maMgnancies induced by 

exposure to some carcinogenic agent,and genetic effects. 	The 

pattern of these various types of health detriment will be differ- 

ent for each energy source. 	Therefore, the comparison of the use 

of different energy sources will not be simple even when restricted 

to only health considerations. 	This is complicated still further 

by the obvious requirement that the whole fuel cycle associated 

with each source must be brought into any comparison. 	The 

pattern of injury in each part of the same fuel cycle will often be 

distinct and hence the combination of detriment from different parts 

of a cycle requires some care. 

One possibility is to calculate the number of deaths and 

the number of non-fatal health effects expected to result from the 
production of a given anount of electrical energy. 	This may be 

based on statistics collected on the health of workers involved in 
a given fuel cycle or on predictive modelling using parameters 
based on knowledge from experimental research. 	A fuller assess- 

ment would include the distribution of the deaths in time and by 
age together with a classification of the seriousness of the 

non-Fatal injuries and diseases. 

Alternatively, one may seek a measure of impact which 

embraces the time and age at death such as useful life lost as a 

result of the processes involved 11, 2, 3, 41. 	For fatalities, 
this has the advantage of providing a simple way of taking account 
of effects which range from instant death of a young man to a late-
effect death which may occur up to 50 years after some exposure. 
For non-fatal effects, the extent of the disease or injury will be 
classified according to the period of inhibited activity associ-
ated with the effect. 

This paper draws on data related to electricity production 

from the coal fuel cycle and the nuclear fuel cycle. 	It should 

be emphasised that while every attempt has been made to find and 

use actual data, the objective here is to illustrate different 

representations of health effects rather than to present a defini-

tive comparison of the fuel cycles chosen. 
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2. METHODOLOGY 

In recent years, a number of authors have surveyed the 
difficulties of objective comparisons of the health consequences 
of exploiting different energy sources (5, 6,  71. The difficulties 

extend beyond those of quantification of effects about which there 

is often very little data. 	Identification of a health-related 

aspect of a fuel cycle does not bring universal agreement that it 

should be included in a compari5on. 	For example, some have 
argued that in the UK the coal burned in power stations is mainly 

from the larger deposits which are more easily mined and therefore 
general data on hazards in coal mines over-estimate that part of 

health impact of coal-fired electricity production. 	However, 

this is countered by the argument that if less of these easily 
mined deposits were consumed in power stations, a smaller output 
from more hazardous pits would be required for all other coal 

utilisation. 	Therefore, it could be argued that fuel extraction 
for additional coal-fired power stations should be assessed at the 
level of the most hazardous mines. 

Another problem arises when inevitably we have to make 
comparisons between directly observed risks such as those derived 
from accident statistics and calculated risks such as those deduced 
from estimates of population radiation doses and risks per unit 
absorbed dose extrapolated from observations at doses three or 
four orders of magnitude higher. 	There are two facets of this to 
be taken into account, one being the need to make fair comparisons-

that is 1 not between historical plant of one kind and design 
specification of future plant of another. 	The second is the 

sensible interpretation of the uncertainties involved. 	Clearly 
comparisons have to be made even though many pointers indicate the 

impossibility of being able to do so definitively. 

In this paper we shall cut across the kind of difficulties 

illustrated since our objective focusses on only one aspect of the 
attempt to compare. 	ICRP 177 (1] discusses the establishment of 

an index of harm for workers which suggests the need to bring 
together into one index hazards of death (ID), non-fatal accidents(i ), 
industrial diseases(1 5) and hereditary effects (IH) 	

A 

IIIDEX OF HARM 	
10 + 'A + 	S + 'H 

The components are dimensionless and correspond to the number of 
years of life lost per thousand worker-years. 	The numerical 

examples given are based on averages; for example, 30 years life 

lost from a fatal accident and 15 years from a radiation-induced 

fatal malignancy. 	Accidental injuries are assumed to occur at a 
rate which varies as the square root of the number of deaths in 

the same industry (justified by considering figures for US 
industries) and are weighted to be 10 of the period of disability. 

Occupational disease is considered,but evidence presented suggests 

that its contribution to harm is small compared with the other 

hazards and it is included as 5 of accidents, ie. I 	0.05 00 + A). 
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Estimate of hereditary damage is considered only for radiation at 

a rate of 3 x 	per sievert (3  x 10 	per rem) and weighted 
equivalent to one death. 	In addition, exposure to the foetus is 

included on the assumption that 50 of the workers are female who 

become pregnant at standard population rates; this adds a sixth 

of the sum of somatic and genetic effects to the index (see 

paragraph 63,ref. [1]). 

Examples of the value of the index are given below: 

Fatal accident rate 300 per million 

worker-years at 30 years loss of life 

per death I 	10.2. 

Similar to (i) but rate of 30 per 

million worker-years I - 1.2. 

Radiation workers in job with fatal 

accident rate 10 per million worker 

years, annual exposure of 

6 x 10 3 5v (0.6 rem), I = 1.75. 

Similar to (iii) but exposure which 

leads to 5 x 10-2  Sv/yr (5 rem/yr), 

= 11.5. 

Clearly, the nunmrical estimates for each factor in the 

index of harm are open to debate and the procedure which leads to 

the combination of fatal and non-fatal effects is unlikeiy to 

find universal acceptance. 	However, provided the presentation 

permits the components to be compared separately as well as 
combined into a single index, the ICRP document [1] does suggest 

one basis for making comparisons and different values for the 

weighting of the components may be assigned if a consensus view on 
their relative importance emerges 151. 

In this paper we suggest that, subject to the availability 

of adequate data, it is unnecessary to make assumptions on average 

loss of life. Figure 1 shows a comparison of the age distribution 

of British coal miners and Canadian uranium miners. 	Obviously a 

uniform distribution of accident probability with the age of an 

individual will lead to a different average loss of life. 	We shall 

include such effects in our calculations of reduced life expectancy. 

Reduced life expectancy in an individual or loss of life 

years among a group as quoted in sections 3 and 4 are calculated as 

follows. 	Normal life expectation is evaluated from age-specific 

mortality rates in England and Wales as recorded between 1950  and 

1978. 	Life expectancy at age i is defined as 

1(i) 	(°i+i 	+ 	n2 + . . .)/ri 	+ 0.5 

where n1 is the number in a population alive at age i , n + I at 

age i + 1 etc. 	Thus a death at age i causes a loss of life of 



IAEA-SM-254/10 	 477 

C 
0 

0 

0 
C 

0 

3) 
Dr 
C 

C 
3) 
0 

3) 10 
U- 

r!trh COfl rrrn,rs 

- Cndianurcniium phirlers 

C 

Ae (years) 

FIG.]. Comparison of age distribution of two work forces. 

L(i) years and total life lost is evaluated by summing the products 
of the number of deaths at each age and the corresponding life 

expectancy. 

As in reference [11, the probablity that an individual has 
a fatal accident is assumed to be age-independent between ages 20 
and 65. 	It has been assumed also that national mortality rates 
apply to working populations with specific job hazards superimposed 
on them. 	The method could equally well use occupation-specific 
mortality rates if they are available. 

Life lost due to radiation exposure is calculated in a 
similar way except that the effects are induced malignancies and 
death occurs some years after exposure. 	For a unit dose of radiation 
we need to know the distribution of time elapse between exposure and 
death and a value for the risk. 	Given these, life tables can be 
generated with and without exposure and life lost derived. 	ICRP 
values are used for risks to workers, 1 x 10-2  deaths per Sv 
(1 x 10 -  per rem) with a distribution of deaths due to solid cancers 
in time which is zero for 15 years following exposure and then 
constant until 45  years after exposure. 	For leukaemia, the corres- 
ponding period of finite risk is from 5 to 25 years and it is assumed 
that 20 of excess deaths are due to leukaemia. 	For the general 
public a figure of 1 x 102  Sv 1  is used for the radiation-induced 
cancer risk to males and 1.5 x 10-2  Sv 	for females to take account 
of the greater proportion of women and children who are possibly 

more sensitive to radiation carcinogenesis than working-age males. 
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FIG.2. Schematic simplified fuel cycle with hazard data for coal and nuclear fuel cycles. 
Numbers on the left in each box are deaths per GW(e) a and those on the right are years 
of life lost per GW(e)a. (PMF = progressive massive fibrosis.) 

3. FUEL CYCLES FOR COMPARISON 

The comparisons to be made are based on the simplified fuel 
cyc'e shown in figure 2. 	The figures shown for the numbers of 
deaths are per gigawatt electrical year (Gw(e).a), which seems a 
reasonable basis for comparison - although some argue that it 
discriminates against coal since nuclear reactors normally operate 
on a base load scheme and thus produce electricity closer to their 

optinum output. 	However, the output of a coal-fired power 

station is closely related to the mass of coal consumed and it 

can be seen from figure 2 that the dominant contribution to health 

detriment also is dependent on the mass of coal delivered to the 
power station. 	Thus given that neither will be used alone to 
provide all electricity required, expression of effects per GW(e).a 
is adequate for our purpose. 

The following two subsections Comment on the data and 

thei r sources. 

3.1. 	Coal 

3.1.1. 	Exploration and Extraction 

Exploration for the location of fuel deposits does not 

represent a significant hazard for coal or nuclear fuel and no 
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TABLE 1. AGE J)ISTRII3UTION OF POPULATIONS INVOLVED IN THE 
COMPARISON 

AGE GROUP 
POPULATION 	

15 % 24 	2534 	35 	 - 	55-6k I  65 + 

I 	I 	I 

Rritisfri 	Rail 	Enployees 	123 - 12.2 	23,4 23.3 22.6 18.5 - 

toal 	Miners 	[12] - 8.9 	1.1 19,4 28.2 29. - 

Construction 	Workers 	(121 15.5 	22.5 22.6 20.7 19.7 - 

Radiation Workers 	11 - 7.8 	j 	23.7 30.7 25.6 12.2 - 

Urariiuni Miners 	[20] - 21.8 	25.9 21.9 18.6 12.8 - 

Public 	(Males) 	[13) 25.1 15.1 	13.0 12.1 12.5 11.7 10.5 

Public 	(Females) 	1131 22.5 13.9 	11.9 11.3 12.2 12.2 16.1 

attempt has been made to include it here. 	Similarly the initial 
mire construction is a negligible hazard when taken over the 
lifetime output of the mine. 	Using information given by the UK 

National Coal Board (NCB) [10] for the years 1970-1930 (the coal out-
put per man-shift is 2.23 tonnes; there are 1.06 deaths per million 
man-shifts and I GW(e).a requires 3.85 million tonnes) yields a 
figure of 1.8 deaths per CW(e).a. 	Conditions and safety in mines 
have improved during the decade so future mining operations should 

reduce this rate. 

Coal-miners are subjected to some increase in y-radiation 
(perhaps up to 0.2 rrGy/a)but they have a corresponding decrease of 
notural cosmic irradiation. Radon exposure of miners is estima-
ted to cause about 0.02 deaths per GW(e).a from induced lung cancers 

8, 9]. 

The reduced life expectancy (see section 2) among the miner 
population in Table I corresponds to 27 years life lost per fatal 

accident. 	According to NCB reports, the mean age of miners has 

decreased from 1+3.9  years in 1970/71 to 39.6 years in 1979/80. 
Thus the life lost per accident wi H be an underestimate of future 

values but since the figure of 1.8 deaths per GW(e)a may over-

estimate future mining hazards, the figure of (27 x 1.8 = ) 48.6 
years lost per GW(e)a may be regarded as a fair representation. 
An additional 0.3 4  years per GW(e).a may be associated with radon. 

Dust conditions in mines have led to high incidences of 

pneurnoconiosis and the more extreme condition, progressive massive 
fibrosis (PMF). Considerable advances have been made in control-
ling dust levels in modern mines which will reduce such disease 
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among miners. 	This changing situation,together with the difficulty 

in assessing if the condition caused or contributed to death, doe; not 

permit a reliable quantification. 	However, a figure has been 

derived for present purposes based on modern conditions of 0.2 

deaths and 2.5 years of life lost per GW(e)a. 	An explanation of 

these figures is given in the appendix. 

3.1.2. 	Preparation and Transport 

Most preparation and sorting of coal for power stations is 

carried out before the fuel leaves the colliery, and accidents are 

included in the figure for mining operations. 	Transport of coal 

from mine to power station is almost entirely by rail and this 

results in 0.04 deaths per GW(e).a among British Rail employees and 

0.13 deaths per GW(e)a among the general public (omitting suicide) 

[5, 11). 

Translating these numbers of deaths into life lost among 

British Rail workers (Table I) yields 30.8 years of life !ost per 

fatal accident or (0.014 x 30.8 =) 1.2 years lost per GW(e).a. 

Information on railway accidents 	151 does not provide 
an adequate age distribution; here it has been assumed uniform up 

to age 80 years and zero thereafter. 	83% of the fatal accidents 
on railways are to males (public and rai iway workers), which 

corresponds to about 755,, males and 25% females for the general 
public. 	Life lost is 39.2 years per male accident and 141.9 years 
per female accident. 	Thus we have (0.13 x (0.75 x 39.2 + 0.25 x 
141.9) 	5.2 years lost per GW(e).a among members of the public. 

3.1.3. 	Electricity Generation 

Inhaber [3) gives construction times for coal and nuclear 

power stations in terms of man-hours per ?IW(e).a over the systems 

operational life (coal 505 and nuclear 633 man.-hours/MW(e).a). 

however, the bases of these have been disputed [5]  on grounds as 

to the extent to which worker and public risks arising from the 

production of materials used in the construction should be 

included in the health assessment. 	This is not important when 

considering coal or nuclear but can dominate for wind, wave or 

solar energy technology. 	Inhaber's figures correspond to about 

7 500 man-years work for a l-GW(e) coa I-fired power station and 

10 000 man-years for the same size nuclear plant. 	This seems not 

unreasonable and a fatal accident rate among construction workers 

of 160 per million per year [1, 191 leads to 0.014 deaths per GW(e).a. 

Using the age distribution for construction workers in Table I 

yields the life lost per accident as 30.8 years and hence 
(0.04 x 30.8=) 1.2 years lost per GW(e).a. 

A coal-fired power station may discharge to the atmosphere 

products of incomplete combustion (for exarnple,polycyclic aromatic 

hydrocarbons), toxic metals or pollutants such as S02,  particulate 
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and oxides of nitrogen. 	While these are potentially harmful, 

effects have not been observed at permitted levels and such hazards 

are not quantified here, but general considerations are available in 

the literature f5, 16, 171. In addition, coal burning does die- 

charge radioactive material into the environment .iB, 	 This 

has been considered in some detail in other papers in these proceed- 

ings (session III ) 	but the information was not avai lable for 

inclusion in the estimates here. 	Camplin estimates that the 

collective effective dose equivalent commitment (truncated at 500 

years) to the UK population is 340 man-Sv from 30 years of operation 

of a modern coal-fired power plant - taking into account a negative 

contribution due to the release of aged carbon. 	A representative 

figure is 10 nian-Sv per GW(e).a to the UK population,which is in 

reasonable agreement with Corbett [8 . 	This figure becomes 

3 manSv per GW(e).a on a global basis since the stable CO 2  negative 

contribution increases more rapidly than the positive contribution 
from all other radionuclides. 	Use of the UK population distribution 

given in Table I will yield only approximate global effects 
since life expectancy in UK is considerably greater than the world 

average, but the uncertainty on these numbers is large since the 

estimates are arrived at as the difference between two large numbers. 

UNSCE4R are in the process of cornpi ling data of this type; in the 

meantime 3 man-Sv per CW(e).a is used which leads to 0.02 deaths and 
0.52 years lost per GW(e).e. 

3.l.4. Handling of Waste Products 

Corbett [81 has reported that concentration of radio-
nuclides in coal are similar to those in soil and that burning 
concentrates them in the ash by about a factor of five. sulk ash 
is used as land fill and in man-made building materials. 	The 

former results in negligible increases in radiation doses considered 

over 500 years while criteria for protection against radiation effects 

from building materials can be drawn up independently of the fuel cycle 

gencatiuig the waste. 	Other aspects, such as icachinj out of corrosive 

materi1 from ah tips into ground water, have also been ignored. 

3.2. 	Nuclear 

3.2.. 	Exploration and Extraction 

As with coal, exploration for uranium deposits is not 

included but mining hazards include two components: fatal accidents 

and significant radon exposure. 	-lamilton [7] quotes 0.48 deaths 

per GW(e)-a for Canadian uranium mines. 	The population distribution 

in Table I yields 314.2  years life lost per accident and hence 

(0.48 x 34.2 ) 16.14 years lost per GW(e).a. 	UNSCEAR [21] appendix 

E, para. 81, gives 1 man-Sv per GW(e).a as the collective lung dose 

to uranium miners. 	External irradiation during mining is given as 

about 0.5  mon-Sv per 014(e)-a (para. 148). 	The public are exposed 

if mine waste is used for building purposes but since the 

decision to do so is independent of energy production, effects of 
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such exposure are not included here. 	The lung dose and the external 
radiation to uranium miners correspond to 0.01 deaths per GW(e)a or 

to 0.15 years life lost per GW(e).a on the basis described in section 2. 

3.2.2. Preparation and Transport 

Milling, fuel fabrication and transport lead to 1.5 man.-Sv 
per GW(e).a 21, 221 with negligible contribution from fatal accidents 

during transport since the volumes being transferred are small 
relative to the coal equivalent. 	This collective dose leads to an 
estimated 0.01 deaths per Gt4(e).a,corresponding to 0.15  years life 
lost. 

3.2.3. 	Electricity Generation 

UNSCEAR [211 assess the collective dose per GW(e).a due to 
reactor operations as 10 man-Sv to workers and about 3  man=Sv to 
the public. 	Using the relevant risks and age distribution, these 
lead to 0,06 deaths (l.a years life lost) per CW(e)a for workers 
and 0.02 deaths (0.52  years life lost) per GW(e).a for the general 
popu!ation. Construction adds 0.05 deaths and 1.5 years lost per CW(e).a. 

3.2.4. 	Handling of Waste Products 

Reprocessing spent fuel to separate plutonium and uranium 
from fission and activation products is the largest contributor to 
the collective doses which result from the nuclear fuel cycle. 
UNSCEAR estimate these from UK experience to be in the range 12 to 

39 man.-Sv to the world population and 12 man-Sv to workers per 
GW(e).a. 	These are based on historical data, and UNSCEAR suggests 
that future doses are likely to be lower than these - here we have 
used 20 man-Sv to the public and 12 man-Sv to workers, which leads 
respectively to 0,14 deaths (3.44year5 life lost) per GW(e).a and 
0.07 deaths (1.2  years life lost) per GW(e).a. 

Following UNSCEAR no assessment is made of doses that may 
resut from future disposal of high active waste. 

4. SUMMARY OF COMPARISON 

Figure 2 summarises the components included to illustrate 
the comparison procedure. 	The values for life lost are analogous 
to the index of harm [1] outlined in section 2. 	Index of harm 
measures the hazard to a worker in a particular industry - the 

quantity here is a measure of the health detriment of operating a 

l-.GW(e) plant. 	The index of detriment is the sum of the components 
and this is surrinarised together with the number of deaths in Table U. 

Also shown in this table is the modification to the index to include 
non-fatal accidents, occupational diseases, hereditary effects and 
radiation dose to the foetus. 	These are incorporated by the same 
scheme adopted in the index of harm. 
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TABLE II, COMBINED ESTIATES OF HAZARD PER GW(e)a TAKEN 
FROM FIG.2 

Coal 	 Nuclear 

Deaths 	 2.25 	 0.84 

Life lost due to deaths (years) 	 59.6 	 24.4 

Index of detriment of I GW(e) power station 	 65 	 29 

NOTE: The 'index' includes modifications described in Section 2 to take account of non-fatal 
accidents, occupational disease, genetic effects and effects associated with irradiation during 
pregnancy. 

We see from Table II that the comparison between coal and 
nuclear-produced electricity looks the same whichever of the three 
measures of health impact is considered. 	This will not necessarily 
be so for all comparisons and occurs here because of the young ages 
of Canadian miners and the large estimated dose to the public from 
reprocessing, both of which contribute a high value for the life lost 
per death. 	Although all types of effects for both public and 
workers are combined into a single index the authors would like to 
emphasise that this is exploratory only and that it is essential to 
look at each component. 	The comparison here is incomplete and 
therefore is to be regarded only as illustrative of a method for 
comparison which can be applied in more detail and to the exploita-
tion of any source of energy. 
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APPENDIX 

Prieumoconiosis incidence and life shortening 
under modern coa]nining conditions 

The median level of dust in modern British coal mines is 
about 3.7 mg.m' 3  [23]. The work of Jacobsen et al. [24] suggests 
that 2 of workers exposed to this level will progress to category 
2 simple pneumoconiosis or higher in 35 years. McLintock et al. 
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[251 report that the attack rate of progressive massive fibrosis 
(PMF) on workers with category 2 prleuntoconiosis is 1 .5 per annum 
(based on a 5-year-  study). 	Although it is clearly an oversimpli- 
ficotion,we estimate the incidence of PMF in miners by combining 
these figures, assuming that the annual risk of progressing from 
simple pneumoconiosis to PMF continues for 15 years. 	This 
combined risk is thus 0.145. 

Estimates of life shortening due to PMF are based on the 
2 11-year survival figures for workers of various ages and degrees 
of pneumoconiosis (private communication with M. Jacobsen). The 
data for men without pneumoconiosis was reproduced quite well by 
using national age-specific mortality rates. 	The effect of PMF 
was modelled by adding an increment to the death rates for the 
ages above 50. 	The loss of life due to a death from PtIF is taken 
to be the difference between the life expectancies of 20-year-olds 
from the two populations, 3.14 years. 

Taking a figure of 6500 man-years to mine the coal to 
produce one GW(e)-a, the total number of deaths is 0.2 and the 
total life lost 2.5 years. 
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DISCUSSION 

B. SQRENSEN: You give your results with three significant digits and rio 
error estimate. Does this mean you know the risk from major accidents to three 

significant figures? 
J.A. REISSLAND: Only two or three of the higher values are quoted to three 

significant figures. But your implication is in order: such accuracy is not 
justified, nor is the use of two significant figures in the smaller contributions. 
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However, one significant figure gives misleading results when the numbers are 
combined. You will notice that we have quoted the final results only as integers. 

B. SØRENSEN: You discuss the concept of 'useful life lost'. Is the loss of 
life of unemployed or retired persons not considered? 

J.A. REISSLAND: The term 'useful life lost' refers to non-fatal detriment 
such as three months of debilitating illness. There is nojudgement involved about 
the relative usefulness of lives. All life is included in the assessment which I Out-
lined, whether the detriment occurs during normal working life, other types of 
employment, unemployment, or at any age during retirement. The loss of life 
is the period of inability to lead a normal life (in the case of illness), or the period 
from the age of death covering the expected further life for a person of that age 
(in the case of death). 

I.M. TORRENS: Have you done any work on the inclusion of the more 
efficient use of electricity (through better light bulbs or heat pumps, for example) 
in the fuel cycle risks? 

J.A. REISSLAND: No. It is unclear to me why the more efficient systems 
discussed in the previous paper (SM-254/105) by Dr. Srensen cannot be used 
irrespective of the method of electricity generation. 

R.M. BARKHUDAROV: I think you said that your values for loss of life 
were based on numerical values from ICRP Publication 27. I should like to know 
whether you relied entirely on the figures in that publication or whether you in 
fact have your own values for loss of life due to various causes. 

J.A. REISSLAND: No numerical values were taken from ICRP Publication 27 
in calculating the index of hazard. We used the principles outlined in that 
publication to estimate effects, but not the numbers. All values for loss of life 
expectancy were calculated on the basis of the actual age distribution of the 
relevant working population. The source data for risks are given in the references 
quoted. 

W. PASKIEVICI: You indicated that the number of deaths per GW(e)-a 
due to radon, is greater in coal-mining than in uranium-mining. How did you 
calculate the effect of radon in coal-mining? 

J.A. REISSLAND: The references in the paper will make this clear, but I 
think I should emphasize that these values are per GW(e).a and not per worker. 
In other words, the risk to an individual worker from radon in coal mines will 
be less than that for a uranium miner, but more time is spent mining the equivalent 
amount of coal. 
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Abstract 

DIRECT AND INDIRECT HEALTH AND SAFETY IMPACTS OF ELECTRICAL GENERATION 

OPTIONS. 
This report is an analysis of the health and safety risks of seven electrical generation systems, 

all of which have the potential for commercial availability after the year 2000. The systems are 
compared on the basis of expected public and occupational deaths and lost workdays associated 
with average unit generation of 1000 (MW(e) per year. The risks and associated uncertainties 

are estimated for all phases of the energy production cycle, including fuel extraction and 
processing, on-site construction and system operation and maintenance. Also included are the 
risks of direct and indirect component manufacture, materials production and energy inputs, 
all of which are major contributors to the risks of the more capital-intensive solar.technologies. 
The potential significance of major health and safety issues that remain largely unquantifiahie 

are also considered. 

1. INTRODUCTION 

This report summarizes the results of an assessment 
comparing the health and safety risks of seven electrical 
generation technologies. The assessment was performed at 
Argonne National Laboratory under the auspices of the Satellite 

Power System (sPs) Concept Development and Evaluation program 
established by the Department of Energy and the National 
Aeronautics and Space Administration to generate information by 
which a decision could be made regarding the development of an 
SPS. The seven technologies chosen for assessment are projected 
to be commercially viable within the time frame for implementa-

tion of the SPS (2000-2030). The technologies include the SPS; 
a low-Btu coal gasification system with an open-cycle gas 
turbine combined with a steam topping cycle (cc/cc); a light 

water fission reactor system without fuel reprocessing (LWR); a 

liquid-metal fast-breeder fission reactor system (LMFBR); a 
central-station terrestrial photovoltaic system (CTPV); and a 

first-generation fusion system with magnetic confinement. For 
comparison with the baseload technologies, the risk from a 

487 
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TABLE 1. MAJOR ChARACTERISTICS OF THE SEVEN ENERGY TECHNOLOGIES 

Characteristic 	 LWR 	CC/CC 	LMFBR 	CTPV 	DTPV 	SPS 	Fusion 

Unit Capacity (iw) 	1250 	1250 	1250 	200 	0.006 	5000 	1320 

Total Direct Commodity 	333.7 	356.2 	535.2 	90.1 	0.00717 	13 421 	1253.9 
Cost per Unit ($106)a 

Average Annual Load 	70 	70 	70 	25.6 	12.2 	90 	70 
Pnctor (%) 

Indirect Capital Cost 	197,1 	132.7 	262.6 	20.0 	- 	 - 	628.6 
per Unit ($10 (1 ) 11  

On-site Construction 	13.1 	15.2 	14.5 	1.7 	96 x 10 6 	(c) 	22.1 
Labor per Unit (10 6  
persori-hr) 

apelive red costs for components, structures and materials. Land and labor costs 
ec1uded. Values are 1978 dollars. 

Tercporary site construction facilities, payroll insurance and taxes, and Other con-
atruction services such as home and field office expenses, field Job supervision, 
and engineering services. Specifically excluded are fees for permits, taxes, in-
terest on capital, and price escalation. Values are 1978 dollars. 

cRectenna - 15.0; Construction in orbit - 0.7; Launch area maintenance - 4.2; Launch 
area operations - 2,8. 

decentralized 	'roof—top tm  photovoltaic system with 6 kW(e) peak 
capacity and battery storage (i..Pv) was also evaluated. 	The 
basic design parameters for these systems are given in Table I. 

Detailed descriptions of the alternative generation 
systems were compiled on a consistent basis for comparison 
l, 21. The design of the coal system with low—BLu asification 

was based on an SO2 emission factor of 86 kg 502/10 12  J for gas 
or 140 kg S02/10 12  J for coal. The light water reactor consid-
ered was that of a typical U.S. commercial design using enriched 
uranium without reprocessing. The fusion system was based on a 
preliminary design utilizing a tokamak reactor with deuterium/ 
tritium fuel cycle. Silicon photovoltaic cells, at an array 
cost of $35I m L, were assigned to each of the solar energy 
systems. The design of the decentralized solar energy system 
included 20 kWh(e) of storage capacity and advanced lead—acid 
batteries with a 10—year lifetime, although system storage and 
utility system back—up were not includedforanyof the ether 
systems. . 

2. ESTIMATION OF HEALTH AND SAFETY RISK 

From the technology characterizations and other related 
information, we identified all major known and potential health 
and safety issues that could be unambiguously defined and 
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discussed. 	Each segment of the energy cycle was considered, 
including component fabrication, plant construction s  fuel 
extraction and processing, operation and maintenance, and waste 
disposal. 

2.1. Direct effects 

Public and occupational risks directly related to con-
struction, operation and maintenance of each energy cycle were 
estimated primarily on the basis of available literature. (See 
reference [ 31 for full literature citation.) Whenever possible, 
a quantitative estimate of fatalities and person-days lost was 
made. While these measures do not define the total adverse 
impact of a health and safety issue, they do provide a means of 
comparing the technologies as a whole and by phase of the energy 
cycle. 

A range of estimated impact is included in each quantifi-
cation, reflecting the uncertainty associated with the magnitude 
of impact. However, for some potential health and safety issues 
it was not possible to provide any quantification. Lack of 
information such as dose-response relationships at low-dose 
levels, siting patterns, populations exposed, uncertainties 
regarding probability of event occurrence, and characterizations 
of advanced technologies limited the estimation of risk magni-
tudes for some issues to qualitative discussion of potential 
severity or possible mechanisms for occurrence of the risk. 

The risk of electricity generation differs between 
technologies not only in the magnitude but also in the manner 
in which the impact is incurred. These distinctions affect 
societal perceptions of the acceptability of each risk and need 
to be preserved in the analysis. Catastrophic events constitute 
a prime example of the need for categorization. because of the 
engineered low risk of occurrence of catastrophic events, the 
number of expected deaths per year, averaged over the lifetime 
of the plant, may be lower than that from continuous low-impact 
risks, but the public perception of the significance of these 
potential events may critically affect the viability of a 
technology. For this reason, plus the inherent difficulty in 
predicting occurrence rate and impact level, catastrophic events 
were not included in the quantified sum of technology risks in 
this study but were included in a separate seiniquantitative 
discussion. 

2.2. Indirect effects 

Compared to the more conventional coal and fission 
technologies, the advanced solar and fusion technologies present 
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STANDARD BEA SECTOR 
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AgQreQatBd from SIC data 

FIG.]. Analysts of uccupaflunai health and safety impacts (PDL = person-days lost), 

a tradeoff of reduced fuel requirements but higher initial 
capital and construction requirements. Furthermore, the indus-
tries producing the energy system components in turn require 
certain commodity inputs (e.g. copper mining to produce elec-
trical equipment), and the risks associated with the production 
of these indirect requirements must be considered in the overall 
risk analysis. 

The procedure for estimating occupational health and 
safety risks associated with off-site manufacturing of compon-
ents and materials used in facility construction (Fig. 1) 
entailed use of the percentage of system capital costs for 
commodities produced by the industrial groupings specified by 
the U.S. Department of Commerce Bureau of Economic Analysis 
(BEA). The indirect commodity requirements in all BEA sectors 
are determined by economic input-output analysis with the direct 
commodity requirements as input [4]. The coefficients for 
fatalities and nonfatal person-days lost per $106  output for 
each of the BEA categories were averaged from the more narrowly 
defined categories of the U.S. Standard Industrial Classifica-
tion (Sic). The total 1975 output of the SIC sector [5,61 was 
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used as a weighting factor. Theyarameters used to obtain the 
SIC sector incidence rates per $100  output were the 1972 produc-
tivity levels (employees/$10 6 ) [51 and the 1975 statistics for 
ocupational health and safety risk (7] per employee-year. 

Similar procedures were utilized to estimate indirect 
energy requirements in the various industrial sectors that 
produce the system components. 

Because the categories in the BEA grouping cover a broad 
range, the risks of production of major commodity requirements 
of individual energy technologies may be inaccurately estimated 
by the procedure described above. For this reason, the produc-
tion risks of specific critical commodities were evaluated with 
the slightly revised procedure indicated in Fig. 1. For these 
critical commodities 1  the direct production risks were evaluated 
by means of more specific incidence rates for SIC categories. 
Manufacture of photovoltaic cells for the solar energy systems 
and of lead-acid storage batteries required in the DTPV system 
are examples of commodities evaluated with this more detailed 
approach. Risks, both direct and indirect, associated with pro-
ducing inputs to the manufacture of these critical commodities 
(e.g. lead for storage batteries) were then evaluated by means 
of the broader BEA categories. 

The procedure for estimating direct and indirect occupa-
tional risks of commodity production contains various uncertain-
ties, including use of the Bureau of Labor Statistics data for 
occupational injury and illness [71. Although these data are 
considered the best for these factors, they reflect large error 
bounds because of underreporting and misdiagnosis. In par-
ticular, these statistics do not adequately reflect chronic 
disease. Other uncertainties include use of the historic 
input-output structure of the economy to estimate indirect 
requirements for facilities to be constructed after 2000, 
uncertainties in plant construction requirements, potential 
changes in employee productivity, and potential changes in risk 
levels per worker. 

3. RESULTS 

A summary of estimated fatalities per year per 1000 
MW(e) of average generation is given in Table II, 

3.1 Risks of the construction phase 

For every $106  of direct industrial output required to 
supply system components to each of the energy systems consid-
ered, a combined indirect output of $0.5-0.9 x 16  is required 



492 

F- 

HABEGGERet al. 

It cc 10 
cn 0 

- - 
0 0 0 0 0 0 

- I 0 I I I 
N 0 N O N 
N 0 N — 0 N 

44 
O 00 0 0 0 

N. N- N r- 

En 0 0 
p r I I I 

cn N. 
(N (N - 0 N 

0 0 0 0 0 

c' -4 
-4 

— N 

N N -4 cc I 
0 cc 

— -1 — 0 — 

" cc rn 
N- 

- 0 0 0 0 0 
I I I I 0 

d 

cc .zt C (N 

- 00 0 0 00 
I I I I I F 

Z . m - N 
- N 0 (N - 0 

0 00 0 0 00 
U) 
CU 

0 cc 
o - - — 
0 O In 0 O 0. C 

I I I -I I I 0 CU 
c1 .c 0 

CU 
o o it C 10 10 0 I 

C.) C 

cc O N. 0 - Ui 
N .- N N. U) 

I - - - '0 
00 - 

"' - 
cn -4 0 Lt U) 

(N (D N N C bO 
.- CU 

0 00 0 0 00 bU 
U) U) 

o co 

.i o I 0 ) 
CU -v CCU Lj 

a I 	a CU C) 
0 • CU r-0..4 a CU 

1) 0 I 4.JQJ CU) = JCUC 0 0 C. 
0 J U) UOc) CU CU 

C) --v U CU Cl., CU )0 L) U)I U) J 
CU JUi -- 0. 44 0F (U--4 -vCUOUC CU 

' 0 004J I4CU 0cU 
lu C.) C)Z4U) 0 co 

- C OU) U CU CU C. CU U CU I 4.1 
0 0 C. C 91. W 0 

0 0 B OF- 
H Q-U F4 CU c 



30 

25 

20 
C!) 
uJ 
I- 

15 
I-. 
U- 

IAEA-SM-254/24 
	

SM 

A (5131 

MANUFACTURING 
LABOR INDIRECT 

MANUFACTURING 
LABOR OIRECT 

SITE LABOR 

/ 
/ 

10 

LWR 	CO/CC 	LMFBR 	CTPV 	OTPV 	SPS 	FUSION 
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generation. 

TABLE III, INDiRECT ENERGY REQUIREMENTS AND RELATED HEALTH 

AND SAFETY RISKS FOR ENERGY SYSTEM cONsTRUcTION' 

Input Energy 	 Associated Risk (Fatalities) 

Electrical 	Coal 	Coal 	Nuclear 	Coal 

Energy System 	[1000 MW(e)-yr] (1015 j)b 	Electric 0 	E1ectric' 	Mining 5  

CosI Gaaification 
Combiied Cycle 0.041 0.9 1.6 0.03 0.4 

Light Water Reactor 0.040 1.0 1.6 0.03 0.4 

Centralized Terres- 
trial Photovoltair 2.6 6.2 110 2.2 2.6 

Decentralized Terres- 
trial Photovoltaic 6.5 9.5 260 5.2 3.9 

5 For number of systems defined in TabLe 1 required to generate 1000 MW(e) average. 

bCoal for purposes other than electrical, generation. 

C3555çj on mean total risk of 40 fat1ities/1000 MW(S)-yr from Table TI, 

dEase d on mean total riak of 0.8 fatalities/1000 MW(e)-yr from Table II. 

egased on 0.41 fatal accident and diseaae incidence per 1015  J of coal extracted 

in underground mining. 
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from other industries. The combined direct and indirect impact 
per $106 of component production is within the same range for 
each technology; as a result, the total component requirement 
per 1000 Mt4(e) of generation is an overriding factor in deter-
mining component production risk. The total occupational risks 
of component production, combined with on-site construction 
risk, are illustrated in Fig. 2. As the figure shows, higher 
construction-phase risks are incurred in the solar technologies 
because they are more capital intensive. This is most clearly 
demonstrated by the decentralized solar technologies, which 
require a large number of small dispersed facilities to generate 
an average of 1000 MW(e) annually. 

The production of energy utilized in component manufac-
turing represents a further indirect risk not included in Table 
II or Fig. 2. Input-output analysis indicates that the total 
electrical energy requirement for direct and indirect component 
manufacture for the coal and nuclear systems is equivalent to a 
small fraction of the equivalent energy produced in one year of 
operation [1000 MW(e)-yr] of those systems (Table III). On the 
other hand, the input energy for component manufacture for the 
centralized and decentralized photovoltaic systems is equivalent 
to 2,8 and 6.5 years of output, respectively. These large 
payback time' estimates are in large part due to the electrical 

energy requirements for production of silicon photovoltaic cells 
[2360 kW(e)h/kg semiconductor-grade silicon] [81. The risks 
associated with the production of this quantity of electrical 
energy are highly dependent on the generation technology 
assumed. The mining of coal utilized in component manufacture 
for purposes other than electrical generation (Table III) does 
not represent major additional risks. 

3.2. Occupational risks of the operation and maintenance phase 

The occupational risks of operation and maintenance 
(O&M) are largest for the coal technology, primarily because of 
the risk of accidents and illness from coal mining. A major 
uncertainty in mining risk estimates derives from uncertainty 
about the long-term effect of recent regulations for reducing 
accidents and the levels of dust in coal mines. Additional 
occupational 0&M risks are related to rail transport of coal, 
accidents in the coal-processing and electrical-generating 
plants, and exposure to potentially carcinogenic emissions from 
the coal gasification process. The estimate of the risk from 
in-plant gasification emissions [0.0 - 0.2 fatality/bOO M'W(e)/ 
yr] is based on the estimated number of workers in the plant and 
historical data from pilot plants with limited control measures 
[9]. For the fission systems, approximately 70-80 of the risk 
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is related to conventional occupational hazards, and the remain-
ing 20-30% is due to low-level radiation exposure, the impacts 
of which are uncertain. The O&M occupational risks of the 
advanced fusion, S?S, and centralized terrestrial solar systems 
have no historical basis and are projected from conventional 
risk levels for existing similar occupations and from estimates 
of the number of 0&M employees required [1,2]. The significant 
O&M occupational risk estimated for the decentralized solar 
energy system is based on 3-9 hours annual maintenance for 
each of the numerous small units, plus replacement of storage 
batteries every 10 years. 

3.3. Public risks of the operation and maintenance phase 

The public risks of the O&M phase are also largest for 
the coal technology, and these risks are almost entirely due to 
coal transport accidents [0.8 - 1.9 fatality/bOO MW(e)/yr] and 
air pollutants [4.6 - 75 fatalities/1000 MW(e)/yr]. The air 
pollutant impacts include those from long-range transport, and 
the uncertainty range is based on a 60%-confidence level for 
estimating the incidence rates of health effects (adapted from 
Ref. 10). It should be noted that a similar procedure with 
90% confidence levels results in a lower limit of zero impacts. 
For the fission and fusion systems, only low levels of public 
impacts [less than 0.1 fatality/1000 MW(e)/yr] can be attributed 
to normal O&M, and these are primarily due to low-level radia-
tion, which has a high uncertainty level. The quantified public 
impacts of the O&M phase are negligible for the solar tech-
nologies - 

3.4. tTnquantified health and safety Lssues 

in contrast to the apparent public willingness to accept 
limited known risks of energy systems, recent experience with 
light water fission systems indicates that perceived major 
risks that are less quantifiable or predictable may restrict or 
completely halt energy system deployment, if adequate assurances 
of very low impact probability cannot be given. For this 
reason, potentially major but unquantified risks should be 
given prominence comparable to the quantified risks discussed 
here. Table IV is a listing of potentially major unquantified 
issues identified for the seven technologies considered. 
Catastrophic events (i.e. events of 'ow occurrence probability 
but high impact per event) are included in the unquantified 
category because of the inherent difficulty in predicting 
occurrence rate and impact level. Furthermore, averaging 
expected catastrophic impacts over plant lifetime does not 
indicate the full significance of these potential events. 
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TABLE IV. POTENTIALLY MAJOR UNQUANTIFIED ISSUES 

Solar Technologies (CTPV, CTPV, Si's) 	 Nuclear Technologies (LwP, LMFIIR, Fuio) 

I 	Exposure to cell production emissions 	I. 	Systen failure with na)or public radiation 

Hazardous waste from disposal or 	
exposure 

recycling of cell materials 	 2. Fuelcycle occupatiosal exposure to 

chemi:ally toxic materials 
Chronic low-level microwave exposure 

of large populations (Si's only) 	 3. Diversion of fuel or by-troduct for military 
or subversive uses (Lids, LMFBR only) 

Space vehicle crash into urban area 
(Si's only) 	 b. 	Liquid-metal fire (LMFIIR. fusion only) 

Exposure to launch-vehicle emissions 

(Si's only) 

In general, the more defined technologies (e.g. CC/CC, 
LWR) have a greater number of quantifiable risks and fewer 
unquantifiable risks. The opposite is true for the less-defined 
technologies (e.g. fusion, SPS). Table IV does not attempt to 
rank the unquantified issues, although, for example, potential 
radiation release from fission is expected to be greater than 
that from fusion. 

4. CONCLUSIONS 

Of the various systems considered, the coal technology 
has the largest overall quantified risk, primarily due to coal 
extraction, processing and transport, and air-pollutant emis-
sions, although large uncertainties remain in the actual effect 
of the air pollution. The decentralized photovoltaic system has 
large associated risks due to the large labor and material 
requirements of small, dispersed units. The quantified risks 
from the remaining technologies (fission, fusion, SPS and 
centralized terrestrial photovoltaic) are comparable, within the 
range of quantified uncertainty. The occupational risks for 
component production, both direct and indirect, are a substan-
tial fraction of the total risks; in particular, for the 
advanced, capital-intensive solar and fusion technologies. The 
energy requirements for component production can also be 
associated with substantial risks, depending on the source of 
energy. 

Of potential major significance for public acceptance 
of new energy systems, but not included in the quantification, 
is the possibility of catastrophic incidents associated with 
fission and fusion systems. Unique unquantified issues of 
concern also exist for the SPS in relation to the use of micro-
wave transmission of energy and extensive space travel. 
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DISCUSSION 

J. A. REISSLAND: Thank you for an interesting paper, which perhaps dealt 

more comprehensively than any othcr presentation with the central theme of this 

Symposium. I should like to clarify two points. First. one of the slides you 
showed in your oral prescntution indicated the non-fatal days lost per million 

dollars of equipment. What is the nurpose of that index? It woLild seem to produce 

a smaller value if equipment costs were inerascd. Secondly, you used a 

confidence range, which would correspond to an unrealistically low range to 

represent the uncertainty. Why did you choose tlia t figure? 

L.J. HABEGGER: The slide in question illustrates the comparable hazard of 

component production on a unit cost basis. These values are multiplied by the 

capital costs of the respective technologies to obtain widely varying hazards on a 

unit electrical energy production basis (I 000 MW(e). average). I should like to 

refer your second question to Mr. Morris of Brookhaven National Laboratory_ 

as the 60% confidence range is based on work by that laboratory. 

S.C. MORRIS: At Brookhaven, we have estimated the air pollution health 

risk as a probability distribution reflecting the level of existing knowledge. Using 

a 60% confidence range from this distribution is similar to stating the results itS 

the mean ± slightly less than I standard error. 
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Current knowledge is inadequate for us to state with high confidence that 
exposure to low-level air pollution has no health effects whatsoever. This does not 
mean the best estimate of effects is zero, however. The role of the assessment is 
not to prove the existence of effects but to estimate their magnitude with some 

expression of uncertainty. 
P.D. MOSKOWITZ: How did you calculate and compound the uncertainty 

for the estimates you presented? 
L.J. HABEGGER: Most of the uncertainties were based on our interpretation 

of the range of estimates provided in the literature, with the exception of the 
uncertainty in effects from atmospheric emissions associated with coal technology 
which were obtained from studies by Brookhaven National Laboratory and have 
just been discussed by Mr. Morris. For the risks from direct and indirect technology 
component production, errors of ±20% were assumed for the most developed 
technologies and ±35% for developing technologies. The uncertainties were assumed 
to be additive, i.e. statistically independent. 

P.D. MOSKOWITZ: Did you include a credit for the decentralized 
photovoltaic system, since it is not connected to the grid? 

L.J. HABEGGER: The decentralized system characterized does not have 
sufficient capacity and storage to allow complete independence from the utility 
grid. Some credit for reduced dependence may be appropriate, but the nature and 
level of the appropriate credit requires extensive evaluation of the impact on the 
grid and was not included. 

J. I-IJBBERT: Fatalities occurring in the various phases of the electrical power 
generation cycle can be classified as 'early' in the case of industrial accidents 
or 'late' if they are due to such causes as pncumoconiosis or radiation-induced 
cancer. The impact of a late death is regarded as less severe than that of an early 
death. Although no general agreement exists, as far as I am aware, on the 
equivalence of early and late deaths, I would like to know whether you have 
considered it appropriate to make allowance for such effects in the comparative 
analysis of health risks presented in your paper. 

L.J. HABEGGER: The full study report given in Ref. [31 indicates whether 
the fatalities related to various technologies are early or late, but no allowance was 
made in the aggregations presented in the paper. Allowance should perhaps also 
be made for differences in ages of the groups which incur the increased risks. 
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Abstract 

RISKS IN U.S. ENERGY MATERIAL TRANSPORTATION. 
For the past five years, the Pacific Northwest Laboratory has been conducting a programme 

to study the safety of transporting energy materials. The overall objectives of the programme 
are to develop information on the safety of transporting hazardous materials required to support 
the major energy cycles in the USA. This information was developed for use in making energy 
policy decisions; in designing and developing new or improved transportation systems for these 
materials; to help establish research priorities; and as an aid in developing effective transportation 
safety regulations. Risk analysis was selected as the methodology for performing these Studies. 
This methodology has been applied to rail and highway shipments of nuclear fuel cycle materials 
and liquid and gaseous fossil fuels. Studies of the risks of transporting spent nuclear fuel by train 
and uranium ore concentrates (yellow cake) by truck were expected to be issued early in 1981. 
Analyses of the risks of transporting reactor waste and transuranic Wastes are in progress. The 
work completed to date for nuclear material transportation makes it possible to estimate the 
transportation risks for the entire fuel cycle in the USA. Results of the assessment are presented 
in this paper. Because the risk analysis studies for the transportation of gasoline, propane and 
chlorine have been performed using a methodology, basic assumptions and data that are consistent 
with the studies that have been performed for nuclear materials, comparisons between ttir risks 
for nuclear materials and these materials can also be made. It should be noted that it is not the 
intention of these comparisons to judge the safety of one industry in comparison with another. 
These comparisons can, however, provide some insights into the regulatory philosophy for 
hazardous materials transportation. The remaining sections of the paper briefly review the risk-
analysis methodology used in these studies, provide an overview of the systems analysed, 
summarize the results and present conclusions. 

I NTR(lfltl1T TON 

Currently available transportation risk analysis tools have 
been developed over a number of years to meet the growing needs to 
understand and improve the safety of transporting hazardous mater-
ials. 	The first transportation risk analysis approaches developed 
were based on statistical analysis of accident case histories. 

* Work conducted for the US Department of Energy through the Transportation Technology 
Center at Sandia National Laboratories under Contract DE-AC06-76RL0 1930, 
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Much useful information can be obtained with these statistical 
approaches, but their utility is limited. In many cases, there may 
be insufficient accident experience or the accident data may not have 
been collected in a way that permits accurate risk analysis. Histor-
ical data also tends to identify the most probable kinds of acciden-
tal releases, while accidents with lower probabilities but poten-
tially larger consequences may not be identified. Analysis of 
hazardous materials transportation systems that do not have a good 
historical data base required the development of predictive risk 
assessment techniques. These methods use general information on the 
frequency and severity of transportation accidents to predict the 
probability that accidents with various consequence levels will 
occur during transport of hazardous materials. These methods permit 
analyses to be made of the risk of transporting materials for which 
there is little or no actual accident experience. Predictive risk 
analysis techniques were first used in two Holmes and Narver studies 
to determine the risk of transporting bioweapons [1] and radioactive 
material [2]. These techniques have been further refined in the 
work being performed at PNL. Studies have been completed that 
analyze the risks of transporting uranium hexafluoride by truck 
and train [3]; spent nuclear fuel by truck [4]; plutonium by truck 
[5], train [6] and cargo aircraft [7]; gasoline by truck [8]; 
propane by truck and train [9];  and chlorine by train [10]. 

RISK ANALYSIS METHODOLOGY 

The risk analysis methodology used in these studies evolved 
from a number of risk analysis models originally developed for 
use in analyzing safety aspects of fixed nuclear facilities. These 
facilities have a well-defined population distribution and the 
population in the immediate vicinity of the plant (the exclusions 
area) is controlled by the facility operator. The population dis-
tribution in the vicinity of a transportation accident, however, is 
highly variable, and a variety of geographic and meteorological 
conditions can be encountered. This adds a degree of complexity not 
found in risk analysis of fixed sites. 

Four basic steps are followed in the transportation risk analysis 
methodology used in the PNL studies. These four basic steps include: 

ystem Description. The basic information on the shipping 
system to be analyzed is collected in this step. The industry 
being studied is characterized by gathering data on facility 
locations, industry shipping requirements and shipping desti-
nations. Shipping packages and vehicles used to transport the 
materials being considered in the study are described in detail. 
Information is collected on the physical and chemical properties 
of the materials transported. Population distribution and 
weather characteristics along the shipping routes are char-
acterized. 

Event Sequence Identification. Possible sequences of events 
are identified that could result in a release of hazardous 
materials during transportation. Fault tree analysis has 
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been used to identify potential release sequences in all of 
the studies that have been performed to date using the PNL 
transportation risk analysis methodology. 

Event Sequence Evaluation. This step includes estimation of 
event sequence probabilities and evaluation of the potential 
consequences of each event sequence. This requires information 
on the response of the shipping systen to normal and transport 
accident forces, together with knowledge of the forces present 
in transportation accidents. Mathematical analysis or data 
available from testing programs is generally used to estimate 
system failure thresholds. This can be combined with accident 
environment data such as that developed at Sandia National 
Laboratories fll, 12, 13] or statistical analysis of other 
accident data to calculate failure probabilities. 

The consequences of a release of hazardous materials during 
transportation depend on the system characteristics, the 
nature of the failure that produced the release, the location 
of the release along the shipping route, and the weather and 
population conditions at the time of the release. These conse-
quences may be determined from historical accident data, from 
information on tests that have been conducted with the materiel 
being shipped, or by engineering analysis. 	In general, con- 
sequences must be evaluated for each type of failure that can 
occur and for each combination of weather conditions and 
population distribution that can be encountered along the 
shipping routes that are used. The probabilities of encoun-
tering the various population distributions and weather con-
ditions along the route are used in estimating the frequency 
of the various consequence levels that can result from a given 
release. 

Risk Calculation. The information developed in the previous 
steps is used to calculate the risk for the shipping system 
being studied. The results are then analyzed to determine the 
primary contributors to the risk and to identify alternatives 
that could reduce the system risk. Since the information to 
perform the risk analysis has been developed in discrete data 
blocks, sensitivity studies can also be carried out to test the 
effect on the system risk of assumptions and approximations 
that were made to develop key pieces of information. This may 

identify areas where further analysis is required or delin-
eate the limitations of the analysis. Sensitivity studies 
can also determine the effectiveness of design or regula-
tory changes in reducing the system risk. 

SYSTEMS ANALYZFD 

Transportation systems discussed in this paper include 
materials shipped in the U.S. nuclear fuel cycle, the propane dis-
tribution system, the gasoline distribution system, and the 
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TABLE 1. SUMMARY OF TRANSPORTATION SYSTEMS DESCRIPTIONS 

Mode of 	Shipping 	Container 	Containers/ 
Material shipped transport 	container 	capacity 	shipment 

Expected about 1985. 
b Includes shipments between enrichment plants. 

Reactors to interim storage. 
d Interim storage to disposal site. 
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FOR SELECTED ENERGY MATERiALS IN THE USA 

Quantity 	 Total 
No. of 	Avg. shipment 

shipped 	 distance 	t . km/a 
shipments 	distance (km) 

(t/a) 	 (km/a) 

2.41< 104 1 350 2600 3.51< 106 6.3 x 101 

151< 10 1 700 650 1.1 	1< 10 6  1.7 x 
3 700 75 540 4.01< 10 2.0 X 

5 300 490 860 4.2 X 10 5  4.5 1< 106 

3 890 840 1 000 8.4 1< io 4.7 X 10 

1170 1 830 930 1.71< 106 1.1 	1< 	106  

2720 630 930 5.81< io 2.5 X 106  

3.41< 104  1 800 1 200 4.4 1< 105  7.3 X 10 
5.3 1< io 8400 1 200 1.0 1< io 4.9 X 10 1  

3 890 375 4600 1.71< 106 1.81< 10' 

6 800 450 i 000 4.5 X 10 6.7 X 106  

1.6 X 10 5  1.81< 104 1150 2.1 1< 10' 1.7 1<  108  

4.5 1< 106  5.5 X 10 450 2.5 X 101 2.0 x io 

3.2 X 10' 3.0 X 106 120 3.6 1< IO 5.3 X 10 
1.5 X 106 2.51< 10 400 1.0 X ill 8  6.4 X iü 

3.21< IO 1.4 X 1ll 7  80 1.1 	1< 	ill9  2.5 1< lOb 
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chlorine distribution system. An overview of the characteristics 
of each of these systems is presented in this section. A summary 
of the key systems description information used in the risk assess-
ment studies is presented in Table I. All systems are based on 
industry projections for the nid-1980s in the U.S.A. 

Nuclear Fuel Cycle. Current plans in the U.S. are to indef-
initely defer reprocessing of spent fuel. This policy 
results in a once-through fuel cycle; with spent fuel being 
stored for a number of years and eventually disposed of as 
waste. Table I contains estimates of the materials required 
to be transported to support the operation for one year of 
a once-through fuel cycle with 100 GVJe of installed gener-
ating capacity. Steady-state operation of a complete fuel 
cycle is assumed. The materials shipped include uranium ore 
concentrates (yellowcake) from uranium mills to UF c  conver-
sion facilities; natural UF from the conversion fcilities 
to enrichment plants; enriched UF from enrichment plants to 
fuel fabrication plants; fresh nulear fuel to reactors; 
spent fuel to interim storage facilities and from the storage 
facilities to a geologic repository; and low-level wastes 
from afl the facilities to shallow-land burial grounds. 
Shipping distances are actual distances for existing facil-
ities that are not currently in existence. 

Chlorine Distribution. Chlorine is used as a chemical feed-
stock, as a bleaching agent, and in purification of domestic 
water supplies. 	In the U.S., about 70t of the chlorine is shipped 
from the manufacturing plants to the user in railroad cars. 
This is the portion of the chlorine distribution system consid-
ered in the risk analysis. The railroad tank cars used for 
chlorine transport have a capacity of 82 t of chlorine. The 
tanks are insulated and equipped with pressure relief valves. 

Propane Distribution. 	In the U.S., propane is used as a 
domestic fuel, primarily in sparsely populated rural areas 
where the cost of providing piped natural gas service would 
be prohibitive. Propane is separated from natural gas at 
processing plants near the gas fields and also produced as 
a refinery by-product. It is transported from these 
facilities to retail distributors by pipeline, barge or 
railroad tank car and distributed to customers primarily 
in large- or medium-sized tank trucks. The rail and truck 
portions of the distributions systems were analyzed in this 
study. They account for most of the transportation risks 
that result from operation of the system. The rail tank 
cars used for propane transportation are large steel 
pressure cylinders with a liquid volume capacity of 130 m 
They are equipped with thermal insulation, pressure relief 
valves, and head shields and shelf couplers to prevent 
coupler puncture of the tank ends in accidents. The tank 
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trucks used in the system are also large steel pressue 
cyliders. Two typical trucks have capacities of 9 ni and 
39 m of propane. The tanks are equipped with pressure 
relief valves but are not insulated. 

Gasoline Distribution. 	In the mid-1980S 	gasoline is 
expected to provide energy for about 1017  vehicle miles of 
transportation in the U.S. Gasoline is shipped in bulk 
quantities from refineries to wholesale distribution 
terminals by pipeline or barge. Tank trucks are used to 
distribute the gasoline to the retail outlets. Truck 
transportation of gasoline was analyzed in this study. It 
represents most of the transportation risk in the gasoline 
distribution system. The truck tanks used in this system 
have aluminum walls and a capacity of 32 rn 3 . Both truck-
trailer and tractor-semitrailer vehicles are used. 

RESULTS AND CONCLUSIONS 

Estimated risks associated with accidental releases of 
materials transported for each step of the nuclear fuel cycle are 
presented in Table II. These estimates are based on the work 
presented in References 4, 10, 11, 12, and 13 and preliminary 
results from studies that are nearing completion. The risk numbers 
were calculated for the reference fuel cycle described in Table 1. 
The risk estimates include both immediate and latent fatalities 
caused by releases of these materials in transportation accidents. 
Studies of the risk of transporting yellowcake, fresh nuclear fuel 
and low-level wastes from the front end of the fuel cycle have not 
been completed. Existing information permits estimates of 
the risks to be made. The estimates presented in the table result 
from the very low hazards associated with release of these 
materials. These estimates are consistent with the results of 
other studies. 

The results presented in Table II show that risks from all 
the fuel cycle transportation steps are low. The results also 
indicate that the total transportation risks associated with the 
nuclear fuel cycle are distributed about evenly between the front 
end (fuel supply) and the back end (waste manaqement) of the cycle. 
Risks in the front end of the cycle result primarily from the 
chemical toxicity of the materials transported (even though trans-
portation of these materials is regulated on the basis of their 
radioactivity). For example, public health risks from trans-
portation accidents that release UF are due almost to the hydro-
gen fluoride (HF) gas that is formed when UF reacts with water 
vapor in the air. This is the only mechanisIll in any of the fuel 
cycle steps with potential to cause immediate fatalities from 
accidental releases during transportation. All other fatalities 
associated with accidental releases of fuel cycle materials 
during transportation are latent effects associated with the 
toxicity of heavy metals or the increase in cancer rates in popu-
laticns exposed to increased levels of radioactivity. 
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The results of the risk analysis studies for transportation 
of nuclear fuel cycle materials are compared with the results 
for the three studies that have been completed for non-nuclear 
systems in Table III. A number of risk measures are presented 
to facilitate comparisons among the various systems. These risk 
measures include the usual risk number (expected fatalities/a) 
and the expected number of fatalities per shipment, per km and 
per t-km. Conversion factors for the latter quantities are taken 
from the system description information in Table I. An estimate 
of the risk normalized to the energy content of the material 
transported is also presented. These numbers are based on the 
electricity generated by a 100-GWe installed nuclear fuel cycle 
and the estimated amount of electricity that would be required 
to replace the energy supplied by the propane and gasoline. The 
risk analysis methodology used in these studies identifies the 
complete spectrum of potential accident consequences and estimates 
the probability of events producing that level of consequence. 
The maximum number of fatalities predicted for each material is 
present in Table III. A variety of risk measures have been used 
because of the inherent difficulties in making risk comparisons. 
Examination of a number of risk measures can provide additional 
insights and help guard against conclusions that are dependent 
on the way the risk information has been developed and displayed. 

The results sumarized in Table III indicate that the risks 
from transporting these materials are all relatively low in com-
parison to other risks in society. For example, in the U.S., 
highway fatalities are about 55 000/a; about 6500 people die in 
building fires each year; 160 are killed by lightning; and 90 
die in tornadoes. The results also show that for all the risk 
measures, gasoline, propane and chlorine transportation risks 
are very similar. The risks from shipments in the nuclear fuel 
cycle are, in general, several orders of magnitude less that the 
risks for the other hazardous materials. This is especially true 
when comparing risks normalized by the energy content of the 
material transported. This results primarily because nuclear 
materials have a high energy density, but this energy cannot be 
released in a transportation accident. Effects of release of fue 
cycle materials are secondary ones caused by the radioactivity 
or chemical toxicity of the material transported. The concern 
in releases of gasoline or propane is the uncontrolled release of 
the stored chemical energy in these materials, resulting in a fire 
or explosion. 

The relatively low risks associated with nuclear fuel cycle 
shipments in comparison to the other materials can be attributed 
to a number of factors. Foremost is probably the traditional 
conservatism built into standards and regulations in the nuclear 
industry. The transportation regulations for radioactive materials 
require increased levels of protection as the potential hazard 
from the material shipped is increased. Significant quantities 
of radioactive materials are provided protective packaging designed 
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to prevent releases in severe transportation accidents. Pack-
agings for other hazardous materials are generally designed to 
provide containment during normal transportation with limited 
protection during accidents. Package resistance to accident 
stresses is reflected most directly in the fatalities/km risk 
measure. The value of this risk measure for fuel cycle materials 
differs from the value for the other hazardous materials by about 
four orders of magnitude. This is approximately the difference in 
risk that would result from transporting a hazardous material in a 
package designed to withstand severe accident conditions instead 
of a package designed to withstand only normal transport forces. 

These calculated risk numbers provide a basis for examining 
the current hazardous material transportation regulatory philoso-
phy. There seems to be consistency in the level of protection 
required for hazardous materials such as chlorine, propane and 
gasoline. However, there seems to be an inconsistency when these 
are compared to nuclear shipments. For all the risk measures 
except maximum credible consequences, nuclear materials transpor-
tation risks are much lower than those for other materials. 
Even for maximum consequences, risks from propane and chlorine 
are 6 to 8 times higher. This would indicate that risks from 
nuclear material shipment are perceived to be more hazardous than 
they really are. There also seems to be a different risk/benefit 
philosophy applied to nuclear materials than to other hazardous 
materials. The risk/GW-h risk measure indicates that nuclear 
material transportation has by far the lowest risk/benefit ratio 
of the materials analyzed. Nevertheless, significant efforts 
are still under way in the U.S. to provide even more stringent 
controls over these shipments. Based on the figures presented 
in Table III, it is the opinion of the authors that there appears 
to be little real need to attempt to substantially increase the 
level of protection provided nuclear materials in transport. 
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DISCUSSION 

5.1, IMAGAWA: Do you consider transport risks to be dependent on 
population density? 

A.L. FRANKLIN: Transportation risks are directly related to the population 
density of the region through which the shipments are made. Our in ethodology 
uses population density as one of the variables in calculations of consequences. 
When using populatio.n as a variable it is important to take into account the 
probability of encountering each of the different population densities. 

M. EL DESOUKY: Are there any regulations regarding the transport of 
chlorine gas by truck through populated areas. and would it he pcssihle to evaluate 
the risk associated with such transport? 
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A.L. FRANKLJN: I am not aware of any restrictions on transporting 
chlorine through populated areas, although there are specifications for the 
construction of the shipping containers and regulations regarding their labelling. 
These specifications and regulations are intended to reduce the probability of 
accidental release and to inform emergency response teams of the nature of the 
cargo. The risk involved could be evaluated. Much of the analysis would be similar 
to the 'propane by truck' analysis which has already been carried out. There would, 
on the other hand, be differences in the methods of estimating the consequences. 

L.D. HAMILTON: I should simply like to point out that your conclusion 
that current protection levels for nuclear materiah are adequate is beyond the scope 
of this Symposium. We are concerned with the quantitation of health impacts. 
We should provide this information to policy analysts and decision-makers and 
leave to their judgement the question whether protection levels are adequate. 
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Abstract 

RADIOLOGICAL RISK ANALYSIS OF AN OPERATING I -UGH-LEVEL WASTE REPOSITORY. 
Many dose assessments of generic facilities have been undertaken since the decision was 

made to pursue a deep geologic repository as the primary option for the disposal of high-level 
nuclear waste. As the siting and design efforts continue, it seems appropriate to review the various 
assessments and identify aspects of the repository operation which appear capable of contributing 
major portions of the potential doses. Representative samples of dose assessment results are 
exhibited for the important phases of repository development and operation: construction 
operation, transport, decommissioning and retrieval. Operational aspects are further subdivided 
into routine and accidental considerations. These results are analysed to ascertain: (I) the orders 
of magnitude of the doses from each phase; (2) the relative importance of occupational versus 
population doses for each phase; and (3) the major facility operations and systems contributing 
to the doses. Converting all of the whole-body doses discussed to 50-year dose commitments in 
person-rem and ranking from high consequences to low, one obtains the following population and 
occupational lists: (a) Population: hoist-drop accident; transport; routine operation; and 
construction. (b) Occupational: hoist-drop accident; routine operation; transport; and 
construction. Except for the occupational result from the hoist-drop accident, all the postulated 
doses represented in the above list are orders of magnitude less than the person-rem received by 
the same groups from natural radiation in the same time period. 

INTRODUCTION 

One of the National Waste Terminal Storage Prograni 1 s 
performance objectives is that 'kisks during the operating phase 
of waste disposal systems should not be greater than those al-
lowed for other nuclear fuel cycle facilities'. Several assess-
ments of the radiological performance of operating deep geologic 
repositories have been made by a number of groups, with rela-
tively consistent results. This presentation summarizes these 
assessments for both normal and accidental conditions, and for 
occupational, maximum individual, and public exposure. 

511 
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The context of the analyses is established by means of 
brief descriptions of site, facility, and facility operational 
characteristics. Representative samples of dose assessment re-
sults are reviewed to identify aspects of the repository opera-
tion which appear to be capable of contributing major portions 
of potential doses. 

FACILITY DESCFUPTTON 

The reference repository is located on a site which 
contains an inner controlled area that occupies some 850 ha 
(2 100 acres) and a central exclusion area that covers 162 ha 
(400 acres) on the surface. Surrounding the site is an outer 
controlled area which extends 3.2 km (2 miles) from the inner 
controlled area. 

The repository is designed to receive, package and 
dispose of one-third of all spent fuel generated by commercial 
nuclear power plants in the USA , assuming a 380-OWe nuclear 
generating capacity (as compared with the present capacity of 56 
OWe). It will also receive transuranic (TRU) waste from commer-
cial facilities and all low-level radioactive waste generated on 
the site. However, because of the greater potential radiologi -
cal hazard, only spent fuel will be considered in the dose 
assessment results here. Surface facilities consist of radio-
active waste receiving and handling facilities, and excavated 
waste rock handling and storage facilities. The underground 
workings consists of a 556-ha (1 375-acre) area excavated in a 
room-and-pillar arrangement. The underground, including an 
outer buffer zone, occupies approximately 850 ha (2 100 acres). 
Access to the underqround is through one men-and-materials 
shaft, two exhaust shafts, one waste shaft, and one ventilation-
supply and emergency-egress shaft. 

Before the radioactive waste is emplaced in the under-
ground disposal rooms, a progression of receiving, storage, 
preparation and transfer operations takes place. These oper-
ations are performed in the waste-handling buildinq, the prin-
cipal surface facility of the reference repository. The waste-
handling facility has the following major components: 

• Shipping-cask receipt and unloading 
• Cask wash and cooldown facility 
• Water-filled unloading pools 
• Presentation pool, lag storage pools, and 

connecting canals 
• Transfer and drying facility 
• New canister receipt and storage 
• Weld- and-test cells for canistering spent-fuel 

assernbli es 
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• Special function cell for canistering defectve or 
damaged spent-fuel assemblies 

• Empty shipping-cask decontamination 

The underground facilities consist of shafts, corri-
dors, disposal rooms and buffer rooms 640 m (2 100 ft) below 
the surface. The main underground corridors are parallel 
openings extending along the length of the repository. For 
long-term stability, these corridors are separated by massive 
pillars of rock. The corridors will be used for the transpor-
tation of personnel, materials and equipment; the transporta-
tion of waste containers; providing a belt-conveyor route for 
moving waste rock; disposal area exhaust; and development area 
ventilation supply and exhaust. Branch corridors extending 
perpendicularly from the main corridors will provide access for 
personnel, materials, waste and ventilation to one panel of 
disposal rooms. They are connected with crosscut corridors that 
can also be used as egress routes in emergencies. 

Approximately 700 disposal rooms will be excavated for 
the disposal of spent fuel. The rooms are closed at one end and 
open to a branch corridor at the other end. Each room contains 
264 predrilled burial holes in two rows. Buffer rooms, which 
separate the disposal rooms from the buffer zone, are provided 
to accommodate the TRU waste and low-level waste. 

WASTE-HANDLING OPERATIONS 

Spent fuel will be received in standard shipping casks. 
After its auxiliary equipment is removed, the cask will be un-
loaded from the carrier and moved to the cooldown area. From 
here the cask will be transferred to the spent-fuel unloading 
pool. 

The fuel assemblies will be removed under water and 
loaded into transfer baskets. The empty cask will then be 
washed down, reassembled in the preparation area, and shipped 
out of the repository for reuse. The transfer basket will be 
moved to storage racks in a lag storage pool for temporary surge 
storage or to the presentation pool. In the next step a buggy 
will transfer the basket to a weld-and-test cell or to the 
special function cell. 

Each fuel assembly will he lifted out of the hugqy and 
dried. 	It will then he inserted into a canister in the weld- 
and-test cell. These operations will be remotely controlled. 
Damaged or broken fuel assemblies will be canistered in the 
special function cell. 
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Each canister will be identified as to its contents and 
transferred underground in a transfer cask. A special trans-
porter will move this cask to the waste shaft for loading into 
the hoist cage. Loading and unloading will be carried out 
simultaneously on the surface and underground from the double-
cage waste-hoisting system. After descending underground, the 
transfer cask will be loaded onto an underground transporter 
that will move it to a disposal room. 

On arrival in the disposal room, the canisters will be 
empaced in the predrilled burial holes by the burial crane. 
The empty transfer cask will be returned to the surface for 
reuse. 

During its peak year of operation, the repository will 
dispose of aboutl2 100 boiling water reactor (BWR) assemblies and 
8 600 pressurized water reactor (PWR) assemblies. The average 
emplacement rate will be 43 canisters per day. 

RISK ASSESSMENT METFIODOLOGIES FOR NORMAL OPERATIONS 

The strategy for assessment of the risk of normal re-
pository operations consists of two steps: 	(a) the identifica- 
tion and classification into separate 'Unit Operations' cf all 
operations involving potential radiation exposures, and (b) the 
determination of doses anticipated to be associated with each 
Unit Operation. Assuming probabilities of one for all routine 
unit operations, the risks (consequence x probability) and doses 
are numerically equal. 

The strategy has been applied to all operations re-
lated to waste handling in the facility, including transporta-
tion, retrieval, decommissioning operations, as well as normal 
maintenance and construction activities. Doses to workers and 
the public resulting from various Unit Operations have been 
determined and analyzed individually and collectively. These 
results are summarized following a discussion of the assess-
ment methodologies. 

The first step in the safety assessment of normal oper-
ations is the identification and classification of all opera-
tions into 'Unit Operations' involving potential radiation 
exposures. The 'Unit Operations' list is of sufficient detail 
to permit an account of all waste material transfers from re-
ceipt of the waste at the shippers facility to final emplace-
rnent, and all other tasks recognized as involving radiation or 
radioactivity. 

Each 'Unit Operation' has distinct boundary conditions; 
that is, each has a unique radiological condition, a specific 
number of population and/or workers involved, a defined dura-
tion, and a defined physical boundary. 
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The potential of radiological hazards to repository 
personnel from normal operations is due to the presence of 
large quantities of radiation or radioactivity and work opera-
tions requiring long residence times in proximity to radiation 
sources. Internal exposures will be precluded in normal opera-
tions by measures such as protective clothing and respiratory 
protection equipment. On the other hand, in general, the 
potential public risks from normal operations are associated 
with the accumulation of radionuclides chronically released from 
the facility at low levels and recurring exposure to low-level 
radiation fields associated with transportation of waste. 

The methodology for the assessment of occupational ex-
posures from normal operations for each unit operation is based 
on the quantification and multiplication of (a) the number (by 
classification) of workers involved in each task, (b) the dura-
tion of each task, and (c) the radiological conditions asso-
ciated with each task. The total exposure is determined by 
forming the product of these three terms. 

The methodology for the assessment of potential public 
exposure to radiation is based on an evaluation of the release 
of effluent materials from the repository during a given Unit 
Operation, and possible external exposures during transportation 
of radioactive wastes en route. 

The effluents released routinely may be particulates, 
gases or liquids; their quantities can be determined from 
operational aspects of the repository such as throughput rate. 
Following identification of source-terms, the critical path- 
ways are analyzed to evaluate the proportion of the source terms 
which reaches a maximum individual , and the radiologi cal dose 
consequences are then calculated. For transportation-related 
exposures, external dose rates and population exposure 
configurations are considered in consequence calculations [1]. 

RISK ASSESSMENT RESULTS FOR NORMAL OPERATIONS 

Construction 

Essentially all radiological exposures to personnel or 
population during construction result from the presence and lid-
eration of Rn-222 and its daughters during underground excava-
tion. Assuming the presence of an excavation work force in the 
repository for 7 years, 2 040 hours per year, a 50-year whole-
body dose commitment of 0.13 person-rem is calculated [1] for a 
salt repository. Dispersion of these radionuclides to the envi-
ronment from the excavated caverns results in a 50-year whole_ 
body dose commitment to the population within 50 miles of the 
site of 0.005 person-rem [1].  For purposes of comparison, the 
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TABLE I 

EXPECTED DOSES DURING ROUT1NE 	CANISTER 
HANDLING AND STORAGE 	OPERATIONS 

Inte- 
grated 
Dose 

Expected Person- 
Expected Max. 	Dose No. 	of nren 

Operation Occupancy Rate Person- Per Can- 
Performed Time 	Min.) (nreio/hr) nel ister 

Cask 	arrival. ui 
inspection and 
documentation 

Preparation of 
cask 	for unload- 
mg, 	washdown, 
and sampling 

Attach and 	seal 
cask 	to 	hot 	cell 
floor 

Move canister 6/canister 2 1 0.2 
from holding 
station to 
transfer cask 
and to shaft 
loading 	station 

Load and unload 6/canister 10 1 1 
waste cage at top 
and bottom of shaft 
and 	load transporter 

Transport 	cask 18/canister 2.5 2 1.5 
to storage area, 
locate 	hole, 	and 
spot 	transporter 

Remove plug, 6/canister 20 2 1.0 
lower 	canister, 
replace 	plug 

13.7 
or 14 
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radon contents of other potential repository media such as 
basalt and granite are estimated to be greater than for salt. 

If there are radioactive impurities such as uranium 
or thorium present in the salt, there are two pathways by which 
the mine tailings could present a potential for population ex-
posures. The first is the release of radon directly into the 
air. The second is the resuspension of salt particulates 
containing the radionuclides by the wind. 

Since there is not expected to be any significant 
amount of uranium or thorium in the salt mine, the salt- tailings 
pile should not constitute a major radiological problem. In 
case there is an accumulation of radon near the tailings pile, a 
few feet of earth cover, or layers of plastic cover, would re-
duce the radon escape to essentially zero. 

Routine Ooeration 

Routine radiological releases from geologic repositor-
ies during normal operation will consist principally of radon 
emanating from exposed rock faces and radonrs decay products. 
These releases will also occur from hackfilling operations but 
are neqligible compared to radon releases during repository 
construction. Occasionally, external contamination may occur on 
canisters as a result of some minor accident. The population 
dose from decontamination activities would be much less than 
that from operation at a spent-fuel packaging and storing fa-
cility, for which the 50-year whole-body population dose was 
determined to be about 0.7 person-rem [1]. 

Routine occupational external exposures have been 
assessed by (a) identifying each task associated with operation 
of the repository, (b) estimating the duration of each task, 
(c)characterizing the radioloqical conditions surrounding the 
execution of each task, and (d) establishing the number of workers 
required for each task. Table I gives the expected doses during 
routine canister handling and storage activities. Adjusting the 
14 person-nirem per canister for the 20 700 canisters expected in 
the busiest year of repository operation, the occupational ex-
ternal dose per year is calculated to be 290 person-rem [2]. 
Members of work classifications other than operators are 
expected to receive less dose. The average maintenance person 
is expected to receive approximately 90 percent of the average 
operator dose; health physicists - 60 percent; and security 
personnel - 20 percent [3]. 

Retrieval and Decommissioning Onerations 

Retrieval of waste canisters, if required, will he 
accomplished with the same relative effort as that required 
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TABLE II 

ROUTINE TRANSPORTATION-RELATED DOSES 

Siting Option Population Dose 	(Person-rerJ 

Singe repository 	location 47 

Three sites based on equal 21 
capacity regions 

Five sites 	based on NRC 15 
regions 

Five sites 	based on equal 14 
capacity 	regions 

Nine sites based on electric 13 
reliability council 	regions 

Total 	truck 	dri vers' dose 16x* 

Total 	rail workers'dose 7x * 

*16 and 7 tines the corresponding population doses. 

oriqinally for emplacement [2]. Dose rates for retrieval, 
therefore, are not expected to exceed those for emplacement. 

During decommissioning.the potential exists for both 
external and internal exposures to personnel from residual 
contamination. The shipping-cask handling area, the transfer-
cask handling area and the below-ground areas will have been 
maintained in fairly clean conditions during normal operation, 
or will have been sealed off because of permanent burial of the 
canisters. These areas will not pose an external or internal 
radiation problem to decommissioning personnel. The hot cell is 
anticipated to be the major contributor to occupational dose 
(15 person-rem, 50-year dose commitment) during this phase. 

Transoortation 

One important aspect of siting a repository is trans-
porting the waste to the repository from its point of origin. A 
study has been made of the population doses which would be ex-
pected to occur from the transportation of spent fuel to sites 
selected on the basis of various alternatives. The results are 
shown in Table II [4].  These doses reflect the dose accumulated 
during the complete operation lifetime of the repository(ies). 
It can be noted that the occupational doses vary from 7 to 16 
times the population doses shown in the table. 
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RISK ASSESSMENT METHODOLOGIES FOR ACCIDENT CONDITIONS 

The strategy for assessing the safety of accidental 
conditions includes: 	(a) identification of credible events 
which might initiate accidental conditions, (b) development of 
detailed scenarios for each event, and (c) evaluation of the 
consequences of each selected scenario. 

The scenarios span the range of potential consequences 
and occurrence probabilities, address all potential initiating 
mechanisms, and affect all components of the waste-management 
and transportation system. Doses to both workers and the public 
resulting from various accident scenarios are determined and 
analyzed both individually and collectively. 

The scenario approach to consequence assessment uses 
the sequential application of known or postulated characteris-
tics of the facility, site, and radioactive contamination. The 
sequence in which the characteristics are applied to the 
analysis is: 

• Contaminant release characteristics (source term) 
• Contaminant transport characteristics 
• Deposition characteristics 
• Radiological dose consequence 

Based on the description of the initiating event and 
the inventory involved, the amount of contaminant released is 
calculated. This quantity may be based on a percent of inven-
tory exposed to the initiating event, on the ability of moving 
air to keep particulates suspended, or on the rate of contanil-
nant released and the duration of the incident. 

The result of applying the release fraction in the ac-
cident assessment sequence is an estimate of the quantity of 
radionuclides available for transport either to the occupation-
ally exposed person or to the public. How the contamination is 
assumed to be transported depends upon the characteristics of 
the contaminant and the facility. 

In many analyses, the quantity of radioactive material 
deposited at any point in the facility or in the environment is 
treated as an end point. Here, the deposition characteristics 
are the precursors of dose calculations. This analysis includes 
considerations such as personnel exposure time to the contami-
nant based on anticipated emergency response of employees. For 
release to the environment, parameters of importance in the de-
termination of deposition include the critical environmental 
pathways for the nuclides released, the meteorological charac-
teristics of the area, and other environmental characteristics. 
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For accidents occurring during the operations phase, 
the principal radioactivity-release pathway is airborne. 	Inha- 
lation and whole-body doses delivered to an individual by ex-
posure to airborne radioactivity are calculated. Other dose 
pathways, such as the ingestion of contaminated food or water, 
are considered for severe and perhaps incredible accidents where 
particulates are assunied to be released to the atmosphere as in 
the case of the hoist-drop accident. Particulates would not be 
released from normal or expected abnormal conditions. 

RISK ASSESSMENT RESULTS FOR ACCIDENT CONDITIONS 

Many different accident scenarios can be postulated for 
an operating repository. Most comprehensive accident 
assessments have been based on the need to indicate the 
consequences from a broad range of potential scenarios. 

One example of a higher probability scenario is the 
accidental venting of a leaky fuel assembly inside the waste-
handling building. 	In analyzing this accident it is assumed 
that operator error or equipment failure results in a poor 
connection, or no connection at all, between the cask and the 
off-gas system and a release of gaseous radi onucli de into the 
waste-handling building. This occurrence would subject the 
staff within the building to a radioactivity inhalation hazard 
for 15 minutes, after which administrative controls would limit 
access inside and require personnel to wear respirators. During 
the entire period of the gaseous release, the building HVAC 
system will be operational. The resulting doses are shown in 
Table III [2].  The doses are small, but demonstrate the 
value of personnel response to an occurrence. It can be noted 
that doses at the exclusion area boundary are more than those 
for the worker. This type of result is observed when the worker 
reduced his exposure time to the radiation cloud by leaving the 
site of the occurrence, whereas the individual at the boundary 
is assumed to be exposed during the complete passage of the 
contaminant cloud. 

The most significant operational accident yet identi-
fied is the hoist-drop accident. The sequence of events for 
this hypothetical accident is as follows: 	all four cables 
supporting the hoist cage and the loaded transfer cask break, 
allowing the cask to fall down the entire length of the hoist 
shaft, with the four hoist cables suspended below it. The 
velocity near the bottom of the shaft is sufficient for the cask 
to break through the structural members at the lower work sta-
tion and to carry them and the cables down to the bottom of the 
shaft, more than 30 m (100 ft) below. Although the materials 
preceding the cask to the bottom of the shaft will tend to cush-
ion it,, and the cask provides some protection for the fuel 
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TABLE Ill 

DOSES FROM ACCID[NTAL VENTING OF A LEAKY 
FUEL ASSEMBLY INSIDE THE WASTE-HANDLING BUILDING 

Dose Due to Inhalation 
External DosJrnrern) (nrem) 

Beta Gamma   Lunq 

Worker 2.9 	x 	100  3.5 x 	10_2 9.5 	x 102  1.1 	x 	10-1  

At 	Exclu- 6.5 x 	100  7.8 x 	10_ 2  6.2 x lD 7.1 	x 	10_1 
sion Area 
Boundary 

At 	2.0-Mile 2.0 	x 	iO 2.3 	x 	iO 1.9 	x 1O_2  2.1 	x 	10_ 2  
Distance 

assembly inside, it was conservatively assumed that the spent 
fuel assemblies break, releasing part of the contents. 

A hoist drop is conservatively estimated to result in a 
maximum individual bone dose of 0.01 rem. Organ doses are con-
siderably less. External beta and gamma doses are about 0.1 rem 
and 5 x 10 	rem, respectively. The dose caT culations have 
been performed for one Pt4R assembly in the accident. Dropping 
two I3WR assemblies will result in smaller doses because of the 
smaller radioactive inventory in two 814R assemblies. The popu-
lation doses resulting from this accident are several orders of 
magnitude higher,  than for the gas leak accident discussed ear-
lier. However, the probability of occurrence (10 -5  per year) 
is several orders of magnitude less. The mix of nuclides con-
tained in the fuel assembly assumed to he involved includes 
fission products, long-lived halogens, heavy metals and trans.- 
uranics. Therefore, a fairly uniform distribution of dose among 
the exposed organs is observed. 

The L.IIPP Environmental Evaluation Group of the State of 
New Mexico has evaluated potential dose commitments to a Maximum 
Exposed Individual following a railroad accident involving high-
level waste [5].  Example postaccident protective actions are 
assumed in the calculations. First -year ingestion doses are 
precluded via the protective actions. First-year external dose 
to the maximum exposed individual is calculated to be 0.16 rem. 
Fifty-year dose commitments to liver, bone and whole body to 
this individual are reported to be 3.4, 3.2 and 1.3 rem, re-
spectively. The first-year maximum individual appears to be an 
adult whereas the 50-year is an infant. 
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CONCLUSIONS 

Convertinq previously discussed whole-body doses to 
50-year dose commitments in person-rem and ranking from high 
consequences to low ones gets the following list for popu-
lation and occupational: 

Population 

Hoist- drop accident 
Trans po rt at I on 
Retri eval 
Routine operation 
Accidental venting 
Const ruct ion 
Decommissioning 

0 c cpon a 1 

Hoist- drop acci dent 
Ret ri eval 
Routine operation 
Transportation 
Decommissioning 
Accidental venting 
Construction 

Except for the occupational result from the hoist drop 
accidents, all of the postulated doses represented in the above 
list are significantly less than the person-rem received by the 
same groups from natural radiation in the same time period. 

Examination of the population list leads one to the 
conclusion that accidents present the greatest potential risk. 
It should be noted, however, that the hoist-drop accident re-
sults in about the same population dose commitment as does 
routine operations to the workers. 

Transportation is observed to fall in the middle of the 
consequence listing. It might be noted, however, that occupa-
tional doses from transportation only are about 0.1 of occupa-
tional doses received from operation of the facility. 

The fact that routine operation falls toward the bot-
tom of the population list leads one to concludm that the facil-
ities assumed in these assessments are properly designed to 
minimize environmental releases. One night conclude therefore 
that routine operation attention should be focused on the occu-
pational aspects. This conclusion is reinforced by the high 
rank of routine operations in the occupational list. A further 
source of incentive to focus on occupational aspects of routine 
operation is a potential reduction in occupational dose limits 
which might affect some of the higher exposed members of the 
repository work force. 

Decommissioning of the facility does not appear to pre-
sent a significant risk to workers and can justifiably be in-
cluded in preclosure safety assessments as just another set of 
tasks in the preclosure time phase. Preliminary examination of 
retrieval operations indicates thattheldose rates are not antic-
ipated to exceed those of emplacement. However, retrieval will 
impact dose commitment by possibly extending the operational 
lifetime of the repository. 
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DISCUSSION 

R. WILSON: Have you any information on the person-rem per MW(e)a? 
D.A. WAITE: All the results discussed in my presentation were calculated on the 

basis of a repository designed to receive, package and dispose of one third of all 
spent fuel generated by commercial nuclear power in the USA, assuming a 380-GW(e) 
nuclear generating capacity. 

F. GIRARDI: If I understood you correctly, you assumed in your study the 
complete retrievability of all waste for the entire operational period. Did you also 
evaluate alternative management policies for the repositories, such as backfilling 
individual galleries after a certain control period? If so, what is the effect on the 
overall operational risk? 

D.A. WAITE: Complete retrievability during the operational phase was in fact 
assumed. Alternative management policies such as backfilling individual galleries 
were also analysed in the context of retrievability. For reasonable alternative design 
and management policies, the retrieval risks tend to be in the same range as those 
stated in the paper for emplacement. Given that the canisters are designed to 
perform adequately for this period and well beyond, the most important factor in 
deciding which alternative management strategy to use is the amount of waste rock 
which can reasonably be accommodated on the surface at one time. in other words, 
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what we must ask is whether waste rock needs to he moved back into the repository 
before the operational period is completed because of waste rock storage 
considerations, or whether it makes sense to move all waste rock to the surface 
when some newly excavated material could be moved directly to a completed gallery 
for use as backfill without ever being transported to the surface. 

S.I. IMAGAWA: Your paper concludes that expected doses during routine 
canister handling and storage operations amount to about 13.7 (mrem-person) 
x 20 700, or between 274 and 290 person-rem. Isn't this rather a high figure? 

D.A. WAITE: Whether the 274 to 290 person-rem per year number is the 
absolute minimum for operating such a facility will only be seen when an ALARA 
analysis of facility operations is completed. However, the intention at this stage is 

to determine whether the risks during the operational phase of waste disposal 
systems are lower than those permitted for other nuclear fuel cycle facilities. 
In view of the fact that three such facilities could handle the entire waste output 
of the United States commercial nuclear power industry and that the total risk 
is about 0. 1 projected health effects per year, I would conclude that the numbers 
presented are not unreasonably high. 
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Abstract 

HEALTH IMPLICATIONS OF HYDROPOWER DEVELOPMENT. 
Hydropower development had been neglected in many countries during the past few 

decades, but the situation dramatically changcd during the 1970s owing to the constantly 
increasing costs of electricity generation by fossil4uel and nuclear power plants. Currently, 
hydroelectric generation accounts for approximately 23% of total global electricity supply. 
Much of the hydropower potential in developing countries of Africa, Asia and Latin America 
still remains to be exploited. Like any other source of energy, hydropower development has 
several health impacts. Conceptually, health implications of hydropower development can be 
divided into two broad categories: short-term and long-term problems. Short-term health 
impacts occur during the planning, construction and immediate post-construction phases, 
whereas long-term impacts stem from the presence of large man-made lakes, development of 
extensive canal systems, alteration of the ecosystem of the area, and changing socio-economic 
conditions. Longer-term impacts are further classified into two categories: introduction of 
new diseases and/or intensification of existing ones due to the improvements of the habitats 
of disease-carrying vectors, and health problems arising from resettlement of the people whose 
homes and land-holdings are inundated by the reservoirs. All these impacts are discussed in 
detail. Health impacts of hydropower developments have not yet been studied extensively. 
It is often implicitly assumed that health impacts of major dams are minor compared with 
other social and environmental impacts. Future studies could possibly reverse this assumption. 

INTRODUCTION 

Use of water power is not a new phenomenon: it has been used in one form 
or another for some two thousand years. Earlier attempts to harness energy 
from water were small-scale and for specific purposes only. The situation has 
dramatically changed during the past hundred years owing to major scientific and 
technological innovations. 

* President, International Society for Ecological Modelling; Vice-President, International Water 
Resources Association. 
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Hydropower development was somewhat neglected in many countries during 
the 1960s, mainly because it was economically more advantageous to generate 
electricity by using oil, which was cheap and plentiful. Although operating costs 
of hydropower plants are low, capital costs are high, and accordingly more 
emphasis was placed on power plants operating with fossil fuels. The events of 
October 1973 started to change this situation, when constantly escalating oil 
prices ended the era of cheap energy and forced most countries to explore 
alternative ways of generating cheaper electricity. Since hydropower is the only 
renewable form of energy that can be used extensively in most countries for 
large-scale generation of electricity and can be developed with indigenous expertise, 
it started to attract increasing attention in the 1970s. Since the dams and various 
structures built are also invariably used for other purposes like irrigation, flood 
control, navigation, recreation, aquaculture etc. such comprehensive develop-
ments have become increasingly attractive for many countries. For developing 
countries in particular, water resource developments could successfully contribute 
to the solution of two major crises facing them today: energy and food. Further -

more, if the construction processes are planned carefully so as to use extensive 
labour-intensive technology, employment could he provided for a large number 
of unskilled labourers -- the main type of labour force unemployed - for several 

years [l]. 
According to the survey of energy resources presented at the World Energy 

Conference, Munich, in September 1980, hydroelectric generation currently 
accounts for approximately 23 of total global electricity supply. This is an 
average figure: for many countries hydropower is the principal means of 
electricity generation. For countries like Brazil, Canada, Morocco, Norway and 
Sri Lanka, hydropower currently accounts for 70 1004. of all electricity 

generated 121. 
While potential for hydropower development has been exploited to a 

considerable extent in the advanced industrialized countries of North America 
and Europe, including the USSR, a vast potential in many countries of Africa, 
Asia and Latin America still remains to he developed. Annual hydroelectric 
potentials for different regions of the world, as provided during the World Energy 
Conference of 1980, are shown in Table I. It should be pointed out that during 

the preparation for the UN Conference on New and Renewable Sources of 
Energy at Nairobi in August 1981 it was felt that the estimates provided for 
Asia may not include data from the People's Republic of China. The theoretical 
potential for the People's Republic of China is currently estimated at 6 X 1012  kW . h, 

with technically usable potential of 1.9 X I 12  kW .h. At the end of 1979, the 

total operating potential was 0.05 X 1012  kWh and potential under construction 

was 0.0517 X 10 12  kW.h. 

With the present constantly changing energy price scenarios, and since hydro-
power is a good source of indigenous energy, it is highly likely that an increasing 
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TABLE 1 . ANNUAL HYDROELECTRIC POTENTIAL OF DIFFERENT 
REGIONS 

Region 
Theoretical 
potential 

_______________• 

Technical 
usable 
potential 

Operating 
potential 

(l0'2kW.h) 

Potential 
under 
construction 

Planned 
potential 

Africa 10.118 3.14 0.151 0.047 0.201 

North America 6.15 3.12 1.129 0.303 0.342 

Latin America 5.67 3.78 0.299 0.355 0.809 

Asia (excluding USSR) 16.486 5.34 0.465 0.080 0.368 
Oceania 1.5 0.39 0.059 0.020 0.032 
Europe 4.36 1.43 0.842 0.094 0.197 
USSR 3.94 2.19 0.265 0.191 017a 

Total 44.28 19.39 3.207 1.090 2.12 

a Estimated, 

number of countries will encourage intensive development of their hydropower 
potentials. Estimates of probable hydroelectric development during the period 
1976 2020, as provided during the 1980 World Energy Conference, are shown 
in Table II, which indicates that the total annual energy from installed hydro- 
electric facilities from all regions of the world is likely to increase five-fold during 
these 44 years. 

2. HEALTH IMPLICATIONS 

Like any other forni of energy, hydropower deve'opment has several health 
implications. It is important, however, to note a major distinction between hydro-
power and fossil-fuel or nuclear power plants that generate electricity. In the 
case of fossil-fuel or nuclear power plants, health impacts can be considered 
exclusively as a direct consequence of energy development, but for hydropower 
the situation is somewhat different. Since very few water development projects 
have been constructed solely for hydroelectric generation, it can be argued that 
the health impacts of hydropower are actually due to the water resources develop-
ment process itself, and thus it is difficult to attribute them to hydropower, per se. 
In other words, if a darn is constructed, its health implications will remain very 
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TABLE II. ESTIMATED PROBABLE HYDROPOWER DEVELOPMENT, 

1976-2020 

Potential energy in exajoules (1 U = 1018 J) 

Country groupings 
1976 1985 	2000 2020 

OECD countries 3.78 449 	 5.37 7.80 

Countries with centrally 
planned economies 0.72 1.20 	 2.88 8.70 

Developing countries 1.17 1.97 	 4.49 11.80 

5.67 7.66 	 12.74 28.30 World total 

similar irrespective of whether hydropower is or is not a reason for the develop-
ment. It is not always easy, and at certain times it is impossible, to ascribe the 
different health implications to specific purposes of water development, i.e. 
irrigation, power generation, navigation, etc. 

Conceptually, health implications of hydropower developments can be 
divided into two broad categories: short-term and long-term problems. Short-
term health impacts occur during the planning, construction and immediate post-
construction phases during the filling of the reservoirs [3-6]. Longer-term health 
impacts stem from the presence of large man-made lakes, development of 
perennial irrigation instead of seasonal irrigation, alteration in the ecosystem 
of the area, and the changing socio-economic situation. 

2,1. Short-term health impacts 

Since water resources development projects require major constructions 
such as dams, spillways, diversion works, etc., they create new employment 
opportunities, and new workers of different categories move into the areas near 
construction sites in large numbers. Since dams are often built in remote, 
undeveloped regions, they lack suitable housing, sanitation and other infra-
structural facilities. Even when they are not in remote regions, host communities 
are seldom able to absorb large numbers of immigrant workers without encountering 

serious social problems. 
In developing countries, labour-intensive technology is often used to construct 

such large structures, and this invariably means that a large number of unskilled, 
uneducated labourers arrive at construction sites in search of employment. It is 
often not possible to satisfy labour requirements locally. For example, during the 
construction of the Aswan Dam, contractors were forced to transport labourers 
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from neighbouring governorates to the construction sites. Similarly, for the 
Bhakra-Nangal Project in India, as many as 60% of the workers had to be imported 
from other provinces [2]. 

The construction of large water development projects often stretches over 
a decade, and the daily labour force engaged fluctuates tremendously not only 
from one year to another but also within any year. For example, the peak labour 
strength for the Sarda Sahayak Project in India varied from a low of 4000 in 
1969-1970 to over 140000 during 1975-1977. Minimum labour engaged in any 
year could vary from only 5% to 20% of the peak strength of that year. There is 
also a high staff turnover. 

In these difficult circumstances, and in view of the lack of adequate medical 
assistance in most developing countries, it is impossible to provide appropriate 
medical and sanitation facilities to the majority of the workers who, as mentioned 
earlier, are poor, unskilled and illiterate, and thus lack any political power base. 
While a certain amount of medical facilities are available for skilled, salaried and 
educated workers, the unskilled workers are employed primarily as daily labourers 
without job security and are mostly on their own so far as health services are 
concerned. In addition, those who live in the new settlement but are not directly 
employed in the project often do not have access to medical facilities. The 
presence of large numbers of workers within a limited area, living in unsanitary 
conditions and without adequate medical facilities, is conducive to the prevalence 
of diseases like malaria, filariasis. poliomyelitis, venereal and skin diseases, 
tuberculosis, leishmaniasis (espundia of Kala-azar), etc. Furthermore, in some 
countries, for example Pakistan, groups of labourers exist who travel all over the 
country working from one construction site to another [2]. Such movements 
have one important and undesirable side-effect: they tend to increase disease 
transmission rates. 

2.2. Longer-term health implications 

As is to he expected, longer-term health implications of hydropower 
development are more serious than short-term impacts. The longer-term impacts 
could be broadly classified into two types: (a) introduction of new diseases and/or 
intensification of existing ones due to the improvement of the habitats of disease-
carrying vectors, and (b) health problems arising from resettlement of the people 
whose homes and land-holdings are inundated by the reservoirs. These two are 
somewhat interrelated. 

2.2.1. Diseases due to improvement of vector habitats 

So far as diseases are concerned, probably the most widespread and 
important one is schistosomiasis. This disease, however, occurs only in tropical 
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and semi-tropical countries and not in temperate regions. Even in countries like 
('hina,with a wide variety of climatic regions, schistosomiasis can he observed 
only in areas where warmer climates are prevalent. While the spread of 
schistosorniasis is common in most tropica' c]imates ow jog to dam constructions, 
the situation becomes far worse if extensive canal systems are developed for 
irrigation. In other words, increases in schistosoniiasis depend more on whether 
the water development project had irrigation as a primary focus rather than on 
hydropower per se. 

Schistosomiasis is not new: it was known during Pharaonic times. The 
unprecedented expansion of water resources development, especially the 
introduction of perennial irrigation systems, has introduced this disease into 
previously uncontaminated areas [7. 81.  The disease is contracted percutaneously 
from water infected by cercaria released by snails, and the victims are debilitated 
by progressive urinary or intestinal infections, reducing labour productivity by 
some 30-501 [910], The victims also become progressively more vulnerable 
to other diseases: they face difficult and unpleasant treatments, which are often 
not available, especially in rural areas of developing countries. The disease is 
currently endemic in over 70 countries and affects over 200 million people. 
Prior to development of the present extensive irrigation networks, and when 
agriculture depended primarily on seasonal rainfall, the relationship between snail 
host. schistosome parasite and human host was somewhat stabilized, and infection 
rates were low. Snail populations increased during the rainy season, when 
agriculture was possible, and this provided the contact between man and parasites. 
During dry periods, however, there was a lull in infection. With the stabilization 
of water resource systems due to the development of reservoirs and extensive 
canal systems, the habitats for snails were vastly improved and extended, and they 
also had a prolonged breeding phase which substantially increased their population. 
More human contacts with parasites were provided, winch not only raised 
infection rates but also greatly increased worm load per person. The incidence 
and extension of these diseases can be directly related to the proliferation of 
water development schemes, the stabilization of the aquatic biotope, and sub-
sequent ecological changes. 

The characteristics of snail habitats, as described by Malek [1 l, are as 
follows: 'Thee breed in many different sires, the essemi tial conditions being the 

presence of water, relatively solid sur,fbees for egg deposition, and some source 

offood. These conditions are met by a large variety of habitats: streams, 
irrigation canals, ponds, borrow-pits, flooded areas, lakes, water-cress fields, and 
rice fields. Thus in general they 01/lab!t s/mallow waters with organIc COI1tL'?lt, 
moderate light penetration, little turbidity, a mnuddv substratum rich in organic 
matter, snhmncrgent or emergent aquatic vegetation, and abundant micro-flora. 
Thus, water resource developments, especially improvements for hydropower, 
irrigation or fishing industry, are most likely to favour increased propagation 
and the spread of these snails [1 2. 
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Infection rates of 70 or more can often be observed in certain regions of 
countries with large irrigation development (e.g. Egypt, Kenya and Sudan). The 
Lake Victoria area of Kenya is hyperendemic, and the infection rate in schools 
is up to 100 in certain areas associated with irrigation schemes. 

Experience with malaria has been somewhat mixed. There does not appear 
to be any resurgence at malaria directly associated with the construction of large 
dams in Africa, but in India, Pakistan and Sri I.anka the incidence of malaria 
has increased owing to impoundments. Very few in-depth studies are available 
on the relationship between water development projects and inalaria, and this 
could possibly explain the anomaly. For example, the environmental impact 
assessments of the Kamburu-Utaru Dam in Kenya indicate that "increase in 
transmission in Kamn burn will mate malaria ,ti'om the presently low mnesoendemic 
towards iivperendemic ie'ei ' [ 13], 

Malaria was a problem during the early days of the dams operated by the 
Tennessee Valley Authority in the USA. By fluctuating reservoir water levels 
by means of carefully controlled draw-downs, mosquito populations were success-
fully controlled. However, on a global basis, there are over 100 species of 
mosquitoes capable of carrying malarial or filarial infections like Bancroftian 
filariasis (elephantiasis) or arhoviruses like dengue, yellow fever, viral encephalitis, 
etc. The different species of mosquitoes often have different behavioural patterns 
and prefer different types of habitat, so it is not easy to control all disease-
carrying mosquito populations in a specific area by any one technique which may 
have been used successfully elsewhere. Physical, chemical and biological techniques 
must often he combined with public education and hygiene for any chance of 
long-term success. In the final analysis, success will depend very much on the 
availability and use of knowledge of local conditions. 

Gambian trypanosomiasis (sleeping sickness), transmitted by tsetse fly, is 
prevalent in West Africa. The tsetsc fly prefers light forests, which often tend to 
lie along watercourses. New reservoirs, especially those with irregular shorelines, 
often increase forest areas and thus provide suitable habitats for tsetsc fly to 
flourish. African trypanosomiasis is a debilitating disease which often proves 
fatal to both humans and animals. Control of trypanosomiasis is not easy, and 
it is made more difficult by free movement of people and animals from contaminated 
to uncontaminated areas. 

In contrast to diseases discussed earlier, hydropower developments tend to 
reduce the incidence of onchocerciasis (river blindness). The intermediate host, 
simul/um spp. (blackfly), tends to breed in fast-flowing reaches of rivers with 
turbulent, and thus well-oxygenated, flow. These areas are often drowned by 
the construction of dams. However, special care must be taken to ensure that 
new breeding grounds do not develop, especially immediately downstream of 
the spillways with fast-flowing waters. Construction of the \7 olta Dam destroyed 
the blackfly breeding ground that existed upstream. However, blackfly vectors 
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continue to infest many tributaries, and the benefits initially expected from the 
construction of the Volta Darn have not yet materialized. Furthermore, the vector 
can travel as far as 300 km, whereas it was formerly thought to be able only to 
travel 50 km. This naturally increases their sphere of influence. 

2.2.2. Health implications of resettlement 

One of the major social problems created by large-scale hydropower develop-
ments is the displacement of local inhabitants owing to extensive inundations. 
The Volta Dam, for example, inundated an area of about 3275 square miles and 
the resulting lake has a shoreline of over 4000 miles. Consequently some 
78 000 people and more than 170000 animals had to be evacuated from over 
700 towns and villages of varying population. Eventually 52 new settlements 
were developed to house 69 149 people from 12789 families LlI. 

Resettlement planning for large dams and, what is more important, the 
implementation, have seldom been successful in developing countries. Most of 
the sites selected for resettlements are not ready when the settlers arrive, and 
lack of potable water and sanitary facilities force people to use lake or river 
water which could be contaminated. People often store water near dwellings 
for convenience, and this could become potential breeding grounds for mosquitoes 
which are carriers of numerous diseases. Medical facilities are often non-existent, 
and people, mostly illiterate and often nomadic, are unaware of the basic pre-
cautions necessary for health. Theoretically, the health of settlers in the new 
environments should be better than before they were evacuated, but in reality 
conditions generally turn out to be worse than before. There are several 
reasons for this: 

(a) People are frequently moved from rich, alluvial farming land to areas 
with less desirable soil and sources of water. Social and institutional infrastructures 
often do not exist and it is therefore difficult to obtain fundamental agricultural 
requirements such as seeds, fertilizers and pesticides. (For example, ten years 
after the resettlement of the refugees from the Volta Dam, their agricultural 
productivity did not equal the pre-impoundment level.) Agricultural yields 
diminish and become inadequate. Whereas in earlier locations diet could be 
supplemented with fish, a common and important source of protein, new areas 
are often far from water bodies and this source disappears. The settlers are some-
times not familiar with local wild food, and when faced with food shortages they 
experiment with new types. This was probably what caused the 'Lusitu tragedy' 
of 1959, when 53 women and children who were resettled owing to the construction 
of the Kariba Dam were poisoned. World Food Programme had to step in at the 
Volta Dam and the Aswan Darn to alleviate widespread sufferings. 
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(h) Relocated people may have no resistance to diseases prevalent in the 
areas where they are being resettled, and may become more susceptible to certain 
new forms of diseases. 

When people are relocated to totally unfamiliar environments they 
suffer considerable psychological stress. For example, the 57 000 members of the 
Tonga tribe who were moved owing to the construction of the Kariba Dam 
suffered great cultural shock when thrust into communities as different from 
their own as theirs from Great Britain [14]. Two years were required to clear 
sufficient land to meet even their subsistence needs. The government had to 
intervene and establish grain stores to avert famine and very serious hardships. 
Ironically, this well-intentioned step became one of the most destructive parts 
of the process: the grain distribution centres became transmission sites of the 
dreaded sleeping sickness disease. 

The displaced population is often neglected by both local governments 
and international organizations. Operation Noah', a much publicized and 
expensive scheme to resettle only some of the animals threatened with inundation 
from the rising water levels of Lake Kariba, received more international attention 
and assistance than the refugees 1 whose sad plights went unnoticed. Planning 
and constructing adequate and appropriate housing, provision of basic services, 
including health, and preparation of land for agricultural development, have 
seldom been completed in any developing country prior to the arrival of the 
refugees. In most cases, at least during the initial years, the settlers faced worse 
facilities than they had enjoyed earlier. In the case of the major African dams, 
the initial emphasis has so far been placed mainly on constructing improved' 
housing, which has too often turned out to be unsuitable for the people being 
resettled. Rarely had the infrastructure been developed to provide facilities like 
health services or means of earning a living. The psychological trauma of enforced 
resettlement, lack of the type of food to which the evacuees had been accustomed 
for generations, local resentment of the newcomers, breakdown of social order, 
and exploitation of the settlers by government officials and local people, all 
ensured that the refugees were under multidimensional stress for a prolonged 
period, which in certain cases has extended beyond a decade. In such situations, 
the people were more susceptible to disease, and consequently their health 
suffered. 

In some cases the situation was better. In Sudan, for example, soon 
after the relocation of the inhabitants from old Wadi HaIfa town to New l-Ialfa 
owing to the rising water level of Lake Nasser, their general state of health 
improved. One side-effect was an increase of approximately 30% in the birth rate, 
which was due partly to better living conditions, more food, and improved medical 
care, and partly to the return of many absentee husbands to settle in the area [15]. 
Such improvements, especially during the early years, are somewhat uncommon 
in most developing countries. 
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CONCLUSIONS 

Health implications of hydropower development have thus far been a 
neglected subject of research. While several studies are available on the overall 
environmental impacts of hydro-dams, not much in-depth work has been carried 
out on their impacts on the health of both humans and animals. The general 
assumption so far has been that the health impacts of major dams are small 
compared to other social and environmental impacts. However, future studies 
may very well reverse this assumption. 
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DISCUSSION 

K.G. VOl-IRA (Chairman): Have you made any quantitative estimates of 

the health detriment associated with hydroelectric power generation in terms of, 

for example, fatalities per 1000 MW(e)? This has been done for other methods 

of generating electricity. 
AK. BISWAS: Not much research has been conducted into the health risks 

associated with hydropower development, and this is partly due to an erroneous 

belief that such health risks are minimal and hence can be neglected. Most studies 
deal with health risks arising from the development of nuclear or fossil fuel plants. 

The information available world-wide on the question of health hazards due 
to the failure of hydroelectric dams is very sketchy While we are aware of most 
of the problems created by spectacular failures and/or overtoppings of hydro-
electric dams, we have very little information on minor failures, which, as one 
might expect, are far more numerous titan the former. In many cases it is not 

even reported whether the dams concerned generated hydroelectric power 
There has been a tendency in the past to aggregate all the available information 
on dam failures and then determine the failure risks as if they were all statistically 
independent events. This is mainly because some of these studies have been 
conducted by people who have very little knowledge of the design of dams and 

their behaviour after construction. Such estimates are unreliable and would not 
even provide 'hall-park' estimates of risks. 

BISWAS, A.K., CHATTERJEE, S., Dam disasters: an assessment, Eng. .1. 54(1971) 3; 
BISWAS, A.K., CHATTERJEE, S., Human dimensions of dam safety: Part I, Water 

Power 23 12 (1971) 446; Part II, Water Power 24(1972)17. 
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Abstract 

CARCINOGENIC POTENTIAL OF VARIOUS ENERGY SOURCES. 
Evaluation of the health impacts of different sources of energy should include a 

comparison of the potential carcinogenic effects of the radioactive and chemical substances 
produced by various sources. In general, these potential health effects are too small to be 
measured directly and are therefore estimated by extrapolation, on the basis of a linear dose-
response model, from measurable effects at high dose levels. Estimates of the carcinogenic 
potential of various energy sources available in North America are given in this paper. For 
most if not all of the energy sources for which data are currently available, it would appear 
that the known biological benefits in terms of life expectancy greatly outweigh all the potential 
harm due to carcinogenic (and genetic) effects on human beings, when expressed in the same 
terms, i.e. life expectancy. 

INTRODUCTION 
Comparisons of health effects of various energy sources 

(cf.1,2) have in the past included potential carcinogenic and 
genetic effects of exposures to ionizing radiation associated 
with nuclear power but have usually failed to include an assess-
inent of carcinogenic effects associated with other energy 
sources. This paper provides calculated estimates of the potential 
effects of some of these other sources. 

1. HEALTH RISKS OF ENERGY-DERIVED POLLUTANTS 

(a) Ionizing Radiation. Potential health effects of ionizing 
radiation have been thoroughly reviewed by many scientists and 
scientific committees. It is generally agreed (3-8), first, 
that a linear dose-response model should be adopted for health 
protection purposes; second, that the potential risk of fatal 
cancer is probably in the region of 100-200 cases per 106  persons 
exposed to one rem of whole-body radiation or in the region of 
100-500 cases per 106  persons for inhalation of radon daughters 

539 
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TABLE I. CARCINOGENIC RISKS OF POLLUTANTS ASSOCIATED EITH 

ENERGY PRODUCTION 

Average 	Estimated 
Risk estimate 	 % of normal 

current 	deaths per 
Carcinogenic 	for fatal 

public: 	10 6  persons 	cancera 
source 	cancers 	 mortality exposure 	per year 

Whole-body 100-200 cases 100 niillirem 	10-20 	0.5-1 
irradiation per 10 6  persons per year 

per rem 

Ihalatio 100-500 cases 0.1 ELM 	 10-50 	0.5-3 
of radon per 106  persons per year 
daughters per ELM 

Inhalation 10-40 cases 2 ng BaP 	20-80 	 1-5 
of chemical per 106  persons per m 3  
combustion per year per 
products 1 ng/m3 BaPb 

allorinal cancer mortality 1750 per 106  persons per year. 0For Contin-
uous inhalation of air with a mixture of combustion products con-
taining 1 ng of benz-a-pyrene (RaP) per in 3 . 

equivalent to one working level month (ELM) (Table I) . The 
average background exposure to whole-body radiation from natural 
sources is generally taken to be about 100 millirem per year 
(3-5). Average doses received from exposure to radon daughters 
are less certain; with correction for breathing rates applied, 
the average exposures of members of the general public to radon 
daughters would appear to be in the region of 0.1 ELM per year 
(3,9,10). Using the above values and assumptions, potential 
cancer deaths due to these sources can be calculated (Table I). 
Estimates of genetic risk are also available (3-6; cf.11). 

Two cautionary notes apply. First, a number of scientists 
believe that the health hazards resulting from inhalation of 
low levels of radon daughters by the general public do not 
exceed the lower limit of the range of risk estimates given 
above (12). Second, the above values are £±al  risks 
calculated by linear extrapolation from known health effects 
produced by much higher exposure levels. Low levels of radia-
tion have not been shown to produce any demonstrable health 
effects (5, cf.13,14). 
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(b) Combustion Products. Loss attention has been paid to 
quantitative assessment of the potential carcinogenic effects 
of low levels of chemical combustion products, although these 
may be appreciable (15-17). The chemical products of concern 
include well-known carcinogenic agents such as benz-a--pyrene 
(BaP) and other polycyclic aromatic hydrocarbons. In addition, 
they include a number of other agents which are known to pro-
duce genetic changes in lower organisms and are therefore 
suspected to be potentially carcinogenic in mammals; nitro-
samnines,dimethylsulphoxide, nitrite (from NO and NO2), and 
bisulphite (from 502)  fall in this category. Combustion pro-
ducts further include assorted hydrocarbons and other agents 
which, although not necessarily carcinogenic by themselves, 
can act very effectively as tumor promoters (18,19). 

Despite this knowledge, a problem remains which has been 
concisely summarized by Pike (20) 	"The air of our 
cities contains varying amounts of substances known to cause 
cancer in experimental animals. Tars collected from the air 
are carcinogenic to animals and transform cells in culture. 
It appears reasonable, therefore, to assume that this air is 
carcinogenic to us, in particular to our lungs. The problem 
arises when we want to quantitate the effect... 

One approach to this problem relies upon the use of 
BaP as a relative index of the total carcinogenic potential 
of the products in question. Since the relative concentrations 
of other carcinogenic and promoting agents in combustion 
products from different sources may vary widely, it is to he 
expected that risk estimates based solely upon concentrations 
of BaP could show considerable variation. However, the values 
derived by this method generally suggest that continuous 
inhalation of all the combustion products in air that contains 
1 ng BaP per mn 3 ould potentially produce about 10-40 fatal 

cancers per 106  persons per year (15,20,21). 
There is no convincing evidence that low levels of com-

bustion products cause a measurable excess of fatal cancers 
(22) . The relationship between exposure to cigarette smoke 
and number of induced lung cancers (15,23) is compatible with 
a linear dose-response model. Moreover, the evidence for or 
against the linear hypothesis for carcinogenic potential does 
net appear to be any stronger in the case of combustion pro-
ducts (cf.24) than it is in the case of Ionizing radiation. 
The committees of the U.S. National Academy of Sciences that 
considered these two sources of potential cancers in 1972 (4,21) 
adopted the linear dose-response model in both cases for 
health protection purposes. 

The combustion products in the average urban atmosphere 
(21) would thus potentially be responsible for 20-80 fatal 
cancers per 106  persons per year in North America (Table I). 
Similar values can be derived using a more general model for 



542 	 MY1RSeta1. 

comparison of the health effects of cigarette smoke and of 
combustion products in the urban atmosphere (25) on the assump-
tion that 27% of total premature deaths are due to fatal cancers 
(26). (These atmospheric combustion products result from a 
total energy consumption of about 10 kilowatts equivalent per 
person in the U.S.A. (27); thus the above value corresponds to 
a cancer death increment of 2-8 per 106  persons per year per 
continuous kilowatt energy used.) 

2. POTENTIAL CANCER RISKS ATTRIBUTABLE TO VARIOUS ENERGY SOURCES 

Nuclear Power. The average radiation dose commitment 
to the general public living within 80 km of a light-water 
reactor under normal operating conditions is reported to be about 
10 Inan•rem per GW(e).year (29,30). On the basis of a linear 
dose-response relationship, this dose increment could potentially 
cause 0.001-0.002 additional fatal cancers. 

A different result is obtained when we consider the world-
wide effects of radioactive materials from a nuclear power plant, 
allow for occupational exposure and for exposure increments due 
to the mining and milling of uranium, to transportation and manu-
facture of fuel, to reprocessing of fuel, to accidents and to 
disposal of used fuel. Under these circumstances, the estimated 
total population dose commitments are in the region of 5000 
man•rem per GW(e).year (3,28). In other words, in a situation 
where each person in the world received 1 kilowatt of electricity 
continuously from nuclear sources, and this situation had existed 
for about 500 years so that the short-lived (but not long-lived) 
radionuclides from this source had reached an equilibriwn level, 
the average increment in radiation dose to each person would 
be about 5 millirem per year. This increment could  potentially 
increase the normal incidence of fatal cancers by 0.5-1 fatal 
cancers per 106  persons per year. 

Coal-fired Power Stations. The maximum individual rad-
iation dose to a person living in the neighbourhood of a coal-
fired power station is similar to that for persons living in 
the neighbourhood of a nuclear power plant with the same power 
output (29,30). Previous calculations of the total population 
dose commitments from air-borne releases of uranium and thorium 
decay products suggest values in the region of 10-10 000 manrem 
per GW(e)year (3,29,30) depending upon the site of the station 
and the amount of radioactivity released with the fly-ash. A 
recent detailed analysis of collective effective dose equivalent 
commitments resulting from the operation of a coal-fired power 
station in England suggests a value of about 1000 man•rem per 
GW(e).year when the dose commitment (from air-borne sources only, 
ignoring potential leaching from ash-piles) is summed up to 500 
years later (31). In that analysis, station site had little 
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influence upon the result. This latter value suggests that the 
average increment in radiation dose in a situation where each 
person in England received 1 kilowatt of electricity continuously 
from coal-fired power stations would be about 1 millirem per 
year, which might cause 0.1-0.2 additional cancer fatalities 
per 106  persons per year. Most of this increment in radiation 
dose is considered to be due to immediate inhalation of radio-
nuclides in the plume from the power station (31) and would 
therefore not alter appreciably over the 500-year period. 

Chemical combustion products produced by a coal-fired power 
plant contribute greater carcinogenic potential. We estimated 
the magnitude of this potential by determining the contribution 
made by coal-fired plants to the total production of various 
atmospheric pollutants with a potential carcinogenic or tumor-
promoting action (Table II). This approach would suggest that 
coal-fired power plants are responsible for approximately 3% 
(range 0.14-65%) of all fatal cancers caused by air pollution 
with chemical combustion uroducts (Table I). Since coal-fired 
power plants produced about 0.45 kilowatt of electricity per 
person in the U.S.A. in 1976 (35),  the chemical combustion 
products from coal-fired power plants producing 1 kilowatt of 
electricity per person continuously would then be potentially 
responsible for 1-5 additional fatal cancers per 106  persons 
per year. The wide range of uncertainty in this estimate 
(20-fold in both directions) should however be emphasized. The 
health effects of various coal-conversion technologies would 
appear to be roughly similar to those of coal-fired power 
plants (42). 

(c) Other Fossil Fuels. The amounts of radionuclides 
released during the combustion of oil are low, probably 
about 1% of those produced by combustion of coal, and are 
offset by the dilution of carbon-14 (3,31) 	in the biosphere 
that accompanies the combustion of any fossil fuel. Natural 
gas contains varying concentrations of radon which depend 
upon the particular gas-field of origin and upon the time in 
transit to the site of utilization (3). Assuming that an 
electrical power station utilized natural gas containing 
10 pCi radon-222 per litre, the estimated release to the 
atmosphere would be about 25 Ci per GW(e) year which would 
result (cf.30,31) in an effective dose equivalent of about 
10 man•rem to the surrounding population; this small value 
would again be nullified by the concomitant dilution of 
carbon-14 in the biosphere. 

The potential effects of the chemical combustion pro-
ducts resulting from the utilization of organic fuels are 
of more immediate concern. The amounts of BaP and sulfur 
oxides produced per GWyear of heat under various circum-
stances are summarized in Table III. The values suggest 
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TABLE II. CONTRIBUTION OF COAL-FIRED ELECTRICITY GENERATION TO TOTAL 
ESTIMATED PRODUCTION OF ATMOSPHERIC POLLUTANTS IN THE 
U.S.A., 1976 

Total 

	

a 	 a 	HIdro- 	b 

	

suspended 	SO 	 NO 	 a Ba? 
particulatesa 	x 	 x 	carbons 

Total 	 13.4 x 10 6 	26.9 x 106  23.0 x 10 6  27.9 x 10 6 	482 
emissions, 
torines/year 

From coal-fired stations: 

tonnes/year 	3.2 x 10 6 	17.6 x 106 	6.6 x 106 	0.1 x 106 	0.7 

S of total ° 	23.9 	
654d 	

28.7 	336 	
014e 

aFrom (32) . brom (33). 0The geometric mean of the contribution of 
coal-fired electricity generation to total 50x  and total benz-a-pyrene 
emissions is 3%. A similar value, 4.7%, is obtained for all five 
pollutants listed. The use of the geometric mean of 3% as an index of 
carcinogenic potential may be an underestimate, since excess lung 
cancers due to air pollution appear to be most highly correlated with 
SO2 levels (40, 41) and since 502  is the pollutant to which coal-fired 
power stations contribute the largest percentage. dssjjjng  that the 
major contributor to the 17.6 x 106  tonnes SO emissions (32) for 
electric utilities is coal. We independently calculated from references 
(34-36) and (39) that coal-fired power stations accounted for 50.3% of 
all potential SO2 emissions. eFor  benz-a-pyrene, we independently 
calculated that coal-fired electrical utilities accounted for 0028-0.56% 
(geometric mean, 0.13%) out of a total estimated emission of 736 tonnes 
(1976) from data in references (21) and (35-37) . A similar calculation 
based on relative polycyclic organic matter (POM) emissions (38) 
yielded a figure of 0.4% for the contribution of coal-fired power 
stations to total POM emissions. 

that the potential carcinogenic effects resulting from coin-
bustion of oil for various customary purposes (production 
of electricity, heating, transportation) would be similar 

to those suggested to result from the chemical combustion 
products from a coal-fired power station (see section 2b). 
Natural gas appears to be less carcinogenic than either of 
these two energy sources per unit heat produced. However, the 
carcinogenic potential from the combustion of coal In hand-

stoked stoves and furnaces is probably much greater per unit 
of heat produced than that from combustion of coal in a power 
station (Table III). 
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TABLE III. AIR-BORNE EMISSIONS OF CHEMICAL COMBUSTION PRODUCTS 
FROM VARIOUS SOURCES 

Source 

Emissions per 

PaP 
in tonnes 

GWyear of hat °  

SO 	on 
10 	onnes 

Approximate index 
of relative 
potentoal 	

b 
carcinogenicity 

Natural gas 0.002 3 0.1 0.03 
(0.0006-0.006) 

Coa1fired 
0.003c 

30-60 1 
power plant (0.006-0.012) 

Oil for heating 0.009 18-36 1.3 
and for power (0.003-0.027) 

Motor vehicles 0.015 4 0.7 
(0.002-0.12) (0.6-10) 

Wood stoves 	 1-2 	 0.5-2 	 3 

Hand-stoked 	 4 70 	 60 	 150 
residential 
coal frnace 

BaP emissions calculated from data in (21) and (37) and SO 2  emissions 
from data in (34-36) and (39) . Values based on total heat content of 
the fuels (about 20-60% of the total heat content is useable) . bperive 
from the geometric means for emissions of PaP and SO, with emissions 
from coal-fired power Stations being assigned a value of one. CMight 
be as high as 0.1-0.9 if PaP emissions attributed to coal-refuse 
burning (21, 37) were included; no appreciable increase in 502 enusslons 
from this latter source (32) 

(d) Reduced Ventilation. Increased insulation and reduced 
ventilation of buildings are currently under active considera-
tion as important means of energy Conservation in many parts 
of North America. Although there may be minor increments in 
carcinogenic potential associated with the manufacture of 
additional insulation, and with formaldehyde or other chemicals 
diffusing out of the insulating materials, the major concern 
vould appear to be the increase in radon daughter concentra-
tions in the air inside buildings due to decreased ventilation 
rates (43,44). 
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TABLE IV. HEALTH EFFECTS OF CHANGES IN RADON DAUGHTER CONCENTBATIONS 
INSIDE BUILDINGS DUE TO REDUCED VENTILATION 

Potential Potential fatal 
Decreased Increase 

ventilation WLM for 
increase in kW(e)year cancers per 106 

air changes 6-month 
fatal cancers energy saved persons per 

per hour perinda 
per 106 
persons 1  

per personc  GW(e)year 
savedd 

2.0 to 	1.0 0.038 3.8 0.6 6 

1.0 	to 	0.5 0.09 9 0.3 30 

0.5 	to 0.2 0.30 30 0.18 170 

0.2 	to 0.1 0.48 48 0.06 800 

aFrom (43). bData  calculated assuming 10 fatal lung cancers per 106 
persons per 0.1 WLM. CASsumptiofla: 100 m 3  per person, 5030°C•daya of 
heating over 6 months (typical of Ottawa, Canada), and maintenance of 
40% relative humidity. Under these conditions, 0.6 kW(e)year per 
person is required to provide a ventilation rate of one air change per 
hour during the winter season. Calculations based on energy consumption 
suggest that the average home ventilation rates in the Ottawa area 
during the winter months may currently be closer to 0.3 than to 1 air 
change per hour. dsince  increased WLM depends only on ventilation rates, 
these values would be five times greater in an area that required only 
1000°C'days of heating in the winter season. Assuming that the 
efficiency of a heat pump for air-conditioning is twice that of 
resistive heating, the values in the last column would be two times 
greater for 5000°Cdays of cooling and ten times greater for 1000°Cdays 
of cooling during summer months. 

Energy saved by reduced ventilation was calculated as shown 
in footnote ' c '  of Table IV. Data on radon daughter concentra-
tions in buildings at different ventilation rates are rather 
scarce. We have assumed, first, that the average annual exposure 
at a ventilation rate of one air change per hour is about 0.14 
WLM after correction for occupancy time and breathing rates 
as reported for buildings in England (44); second, that the risk 
of fatal lung cancer is 100 cases per 10 6  persons per WLM. 
Calculations based on the above assumptions are summarized in 
Table IV. In a climate requiring 5000°Cdays of heating during 
winter months, a decrease in ventilation rates from 1 to 0.2 
air changes per hour during the winter season would be responsible 
for approximately 80 potential lung cancers per 10 persons per 
CW•year saved. These values would be five times greater if 
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the risk of fatal lung cancer were 500 rather than 100 cases 
per 106  persons per WLM. On the other hand, the values would 
be about five times smaller if the average exposure to radon 
daughters in wooden frame buildings such as those cormnonly 
constructed in the colder areas of North America were about 0.1 
WLM at a ventilation rate of 0.3-0.5 air changes per hour (cf.(1O), 
(4, and footnote 	of Table TV). The potential carcinogenic 
consequences of reduced ventilation also apply to a building 
sealed to achieve lower energy consumption for air-conditioning 
purposes (see footnote nTdTT  of Table IV). 

(e) Renewable and Other Energources. All sources of 
energy are associated with some risk in terms of probability of 
accidents and disease resulting. in injury or death; preliminary 
attempts to quantitate these risks have been made (cf.1,2). 
However, data on the potential carcinogenic effects of renewable 
and other energy sources are unreliable at present. An indica-
tion of potential effects can be derived from data on SO2 
emissions associated with the manufacture of steel and other 
components required for these particular energy sources and with 
the backup energy supplies that would be required in many cases(2). 
Since these SO2 emissions are mainly associated with the 
combustion of coal, the values can be directly related to those 
derived in section 2b. This comparison suggests that the 
potential carcinogenic risk caused by the combustion products 
associated with the use of sunlight, wind or methanol as 
energy sources would be roughly 30 times lower than those 
associated with coal-fired power stations per unit of useable 
energy derived (Table V). The potential carcinogenic effects 
would thus be a minor fraction of the other predicted health 
effects of solar, wind and methanol energy sources (2). 

Two other sources of potential carcinogenic hazard might 
be noted. The production of electricity from geothermal steam 
in northern California appears to liberate appreciable amounts 
of radon and of sulfur-containing gasses (30); the potential 
carcinogenic hazards of these emissions appear to be high per 
OWyear compared to those from coal-fired or nuclear power 
stations. The use of masonry or rocks to serve as heat reservoirs 
inside houses has been advocated; this course of action would 
generally tend to raise the concentration of radon daughters 
in these buildings unless special precautions were taken to avoid 
this effect. 

3. SUARY OF RISKS AND COMPARISON WITH BENEFITS 

(a) Risks. Table V provides estimates of carcinogenic risks 
per GWyear (i.e. the amount of energy consumed in one year by 
one million persons each using one kilowatt continuously). For 
simplicity in comparison, each of the various sources was regarded 
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TABLE V. CARCINOGENIC RISKS PER GWYEAR OF ENERGY 

Source of 
energy 

502 emissions 
in 10 3  tcnnesa 

b 
Man•rem 

Potential 
cancer deaths 

Energy saved - - 30 	(6170) °  
by reduced 
ventilation in 
cold climates 

Coal-fired 100 1000 2 	
(0•2_40)d 

power stations 

Oil-fired 37 0 0.8 	(0.04-16) 
power stations 

Nuclear (LWR) 
01e 

5000 018 	(0.5-1) 
power stations 

Solar, wind 1-7 10-70 0.1 	(0.004-1.4) 
or methanol 

Natural gas 
01e 0 \- 

power statiOn 

From  (2). dFrom  (29-31) as discussed in the text. °From 
Table IV. 	This value includes 0.1-0.2 potential cancer 
deaths from radionuclides plus about 2 potential cancer 
deaths from chemical combustion products (see section 2b). 
eAssociated with the manufacture of transmission lines (2). 
n approximate value derived from Table III. 

as the sole source of energy for each person over a prolonged 
period of time. 

The data given in Table V represent rough approximations. 
We emphasize that they are theoretical potential risks calculated 
on the basis of a linear dose-response model using the particular 
assumptions stated, all of which refer to current conditions. 
The levels of radiological and chemical carcinogens in effluents 
from power plants can be reduced, at considerable cost. The 
relatively high risk per CWyear due to accumulation of radon 
daughters inside buildings with reduced ventilation can be 
decreased in a number of ways (e.g. by the use of heat exchangers, 
air filtration systems, selection of building materials with 
low radium content, etc.). If such activities were undertaken 
after careful analysis of relative costs and benefits, an appreciable 
change in the data base would be anticipated. 
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(b) Benefits. The preceding discussion has dealt with 
estimates of carcinogenic risks associated with the by-products 
of energy production. To place these risks in perspective, it 
is essential to consider some of the health benef:its due to 
energy production. 

The average life expectancy in technologically advanced 
countries ( 73 years) is about twice that observed in many 
areas of the world that have not yet developed abundant energy 

supplies and hence cannot afford the concomitant standards of 
health care, nutrition, housing, transportation and education 
(27). Much of this increase, i.e. 35 years in life-span, has 
occurred within the last 150 years (46) and can probably be 
attributed to accumulated technological development during 
this time. Even within a given country (such as Canada, the 
U.S.A. or UK), the average life-span is still dependent upon 
socio-economic status (47,48), which is presumably related, at 
least in part, to level of energy consumption. There is thus 
little doubt that cheap and safe supplies of energy play an 
essential and beneficial role in longevity. 

Increases in life expectancy comparable to those in North 
America have, however, been achieved in other technologically-
advanced countries where energy consumption per person is one-
quarter of that in North America (27); below this level, adverse 
health effects (e.g. increased infant mortality) are observed 
(Fig. 1). If one ascribed 10% (about 3.5 years) of recent 
increases in life-span solely to energy availability, this value 
could be compared with the loss of life expectancy caused by 
power production (cf.49). 

Calculations of loss of life expectancy due to cancers 
induced by an increment of 5 millirom in average annual 
radiation exposures suggest an average potential decrease of 
about 0.001 years (50). This decrease might he approximately 
doubled if genetic diseases in subsequent generations were 
included (3,6). Assuming that this increment would be a result 
of providing each person in the world with 1 kilowatt continuous 
power from nuclear power, the total potential decrease in life-
span under these circumstances would then be about 0.002 years. 
If nuclear power could supply all present energy requirements 
in North America (10 kilowatts per person), the total potential 
decrease in life-span would not exceed 0.02 years, or roughly 
1/200th of the postulated health benefit in terms of increased 
life-span attributed to energy production. 

Corresponding values for other energy sources are roughly 
proportional to their carcinogenic risks as given in the last 
column of Table V. These values would not be altered greatly 
by inclusion of potential genetic defects (cf.I1,15) attributable 
to these energy sources. It should, however, be emphasized 
that this calculation excludes other health effects, notably 
those due to traumatic accidents and to non-cancer diseases, 



550 	 MYERSetaI. 

6 LIBERIA 

= 

• 	TUEKL'K 

PAKISTAN 
INOIA 

12 

• 	LGYr 

8 
I - ARN1ANA, AUSTRIA, DENMARK, 

CIII FRANCE, FED. REP SERMANY, 

ITALY. JAPAN, MEXICO, NORSAY, 

NEA ZEAUNO, PORTUTUAL. SPAIN. 
• 

N 
U K 	VENEZUELA, YUOOSLUMLA 	 - 

... 
I 

\• 
• US 

4— 
• 

• 
N • 	• 	• - ..-.--- __• --------- •- _• • S. 	S 	• 

o 	 I 	 -. 
0 	 2 	 LI 	 6 	 8 

TOTAL ENERGY CONSUMPTION 	I97i 

IN kW-a EGUIVALENT PER PERSON 

FIG.]. Infant death rates in various countries 1971 to 1975 versus total energy consumption 
1975 in kW•a equivalent per person. 

associated with energy production; for some sources of energy, 
these other health effects appear to be more important than 
those associated with the induction of cancer. Preliminary 
calculations including all types of deleterious health effects 
have been reported elsewhere (49). The general conclusion 
remains similar to that outlined above for nuclear power. 
For most energy sources, the known benefits in terms of life 
expectancy greatly outweigh all the potential harm (including 
carcinogenic and genetic effects) when expressed in the same 
terms, i.e. life expectancy. 
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DISCUSSION 

A.A. MOGI-IISSI: First, I should like to know if you have any data showing 
SO 2  as a carcinogen. Secondly, I should like to sound a note of caution regarding 
the use of energy as an indicator of life expectancy and infant mortality. There 
seems to be an optimum level. Excess generation causes unnecessary exposure 
while lack of generation causes other problems. Sweden uses about half the 
amount of energy per capita that the USA consumes, yet has better life expectancy 
and infant mortality rates. 

N.E. GENTNER: Reports by Higgins [40] and by Ford and Bialik [41] indicate 
that excess lung cancers in humans due to air pollution show the best correlation 
with SO 2  levels and less correlation with levels of other criteria pollutants. The 
actual mechanisms involved are uncertain, The fate of SO 2  in the atmosphere 
has been discussed in the Proceedings of a previous conference Bisuiphite from 
dissolved SO 2  is a well-known mutagen of low potency which probably affects 
DNA in much the same manner as does nitrite According to current theories, 
bisulphite is therefore a potential carcinogen. Animal studies have failed to 
demonstrate this suspected carcinogenic action when 50 is tested by itself 
However. SO 2  does act as a co-carcinogen, which increases the carcinogenic action 
of henzo(a)pyrene (B(a)P) in animals (data quoted in review by Coffin and Stokinger 
cited above). Although the mechanisms by which 50 2  exerts a co-carcinogenic 
action are not yet fully elucidated, these effects, along with those of the numerous 
other chemical agents in combustion products, need to be considered in any 
attempt at quantitative estimation of the overall carcinogenic potential of 
combustion products from various sources. On the basis of the available evidence, 
it seemed reasonable to use the geometric means of emissions of SO 2  and of B(a)P, 
a known carcinogen (Table II), as an approximate index of contributions made 
by coal-fired power stations to the total potential increase in fatal cancers caused 

by all chemical combustion products. It is to be hoped that this approach can 
be further refined as more data become available in future. 

Dr. Moghissi's remarks on the relationship between energy production and 
life expectancy do not conflict with the views in Section 3(b) of our paper, 
where the health risks involved are compared with the health benefits that accrue 
to people living in a technologically advanced society. 

J. SEELIGER: In the Federal Republic of Germany it is the opinion of 
most physicians and toxicologists that very little is known about the carcinogenic 

HAMILTON, L.D., Proc. Conf. Health Effects of Energy Production (GENTNER, N.E., 
UNRAU, P, Eds), Atomic Energy of Canada Ltd., Chalk River (1980) 149. 

2 SHAPIRO, R., Mutat. Res. 39 (1977)149; HAYAI'SU, H., Prog. Nucleic Acid Res. 16 
(1976) 75. 

COFFIN, D.L., STOKINGER, II.E., Air Pollution (STERN, A.C., Ed.) Vol.2, Academic 
Press (1977) 231--360, 
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potential of hydrocarbons emitted by coal-fired power stations. Could you 
explain the medical basis of your estimates? 

N.E. GENTNER: The risk estimates given in our paper refer specifically to 
continuous inhalation of all the chemical combustion products in air. Two types 
of hydrocarbons are included in this complex mixture of chemicals. The 
polycyclic aromatic hydrocarbons include compounds such as B(a)P, which are 
known to be carcinogenic in animals; levels of B(a)P have been used as a relative 
index of carcinogenic potential of combustion products in general for humans 
(see Refs [201 and [21]). Other aromatic and aliphatic hydrocarbons in 
combustion products act as tumour-promoting and/or co-carcinogenic agents 
in animal studies. Further information on these agents can be found in 
Refs [181, [19] and [33], for example. 

B. SØRENSEN: It seems to me that in your paper you have failed to 
specify a number of points. In the case of coal, it was not stated whether fluidized 
combustion and SO 2  scrubbers were used or not; for indoor air, it was not 
established whether the structures in question were wood or concrete or whether 
forced ventilation was used or not; thirdly, in the case of renewable energy, you 
did not specify alternative backup sources such as hydro and hydrogen power. 
I further find that your statements regarding a relationship between infant mortality 
and energy use are totally unsupported. 

N.E. GENTNER: As indicated in Section 3(a) of our paper, potential risks 
were calculated using the given assumptions, all of which refer to current conditions. 
Emissions data compiled by the OECD [34] and other sources indicate that a 
major portion of the sulphur in coal is currently emitted into the atmosphere 
as sulphur oxide during combustion. Some data on impact of future coal-conversion 
technologies are given in Ref.(42]. Data on radon daughter concentrations in 
indoor air were calculated from Cliff's data for buildings in England [44]; uncertain 
ties involved in these estimates, including their applicability to wooden frame 
buildings, are discussed in Section 2(d) of our paper. Certainly one could try to 
estimate potential carcinogenic risks of renewable energy sources using alternatives 
such as hydro, hydrogen or nuclear power both for manufacture of components 
and for backup energy sources; the direction that such calculations might take 
is suggested by Ref.[21 as well as by Inhaber However, under current conditions, 
coal-related emissions do in fact represent most closely the actual situation. 

Data in Fig.l on the relation between infant mortality and per capita energy 
use are taken from Ref.[271, which would seem to be a reputable source. Further 
data on infant mortality in earlier societies can be found in Ref.[46]  It is fairly 

clear from these data that the social infrastructure supported by an affluent, 
industrialized, energy-using society enables important gains to be made in, for 

' ENHABER, H., Science 203 (1979) 718. 
See also LOVEJOY, CO., et al., Science 198 (1977) 291. 
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example, health care, education and nutrition, resulting in decreased infant 
mortality and increased life expectancy. Directly or indirectly, the health benefits 
associated with technologically advanced societies are dependent upon cheap and 
safe sources of energy. Further information on the relationship between infant 
mortality and various factors associated with economic development can he 
derived from the analysis carried out by Sagan and Afifi 6  This latter analysis 
also appears to support the above statements on the relation between infant 
mortality and energy use. 

K. SUNDARAM: Your cancer risk estimates for chemicals released from 
fossil fuels require some elaboration; references should be given to the biological 
data relating B(a)P to the cancer induction rate. Are these calculations based on 
animal or human data? This should be made clear in the text of your paper or 
under "b" of the footnote to Table I, 

N.E. GENTNER: The relationship between B(a)P levels and cancer induction 
has been established both in animal experiments and by epidemiological studies 
on humans. Risk estimates based on B(a)P as an index of total carcinogenic 
potential of combustion products for humans are described in detail in Refs 15j, 
[201 and 21] as well as other sources. 

6 SAGAN, L.A., AFIFI, A.A, Research Memorandum RM-7841, International Institute 
for Applied Systems Analysis, Laxenburg (1978). 
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Ahstract—Résumê 

COMPARISON OF HEALTH IMPACT OF DIFFERENT METHODS OF ELECTRICITY 
GENERATiON IN FRANCE. 

The authors present the principal results of a study carried out in France to compare 
risks associated with the operation of facilities based on the three main methods of electricity 
generation in current use the coal, oil and nuclear (PWR) cycles. The comparison was made 
following a detailed analysis of the fuel cycles utilized in each method. Consistency in the 
assumptions made in defining the fuel cycles was ensured by using scenarios which take into 
account forecasts of electricity supply and demand in France up to 1990 (300 TW.h net). 
Three categories of impact are described: (1) occupational hazards (accidents at work, 
occupational diseases, theoretical radiological risks); (2) risks to the public evaluated on the 
basis of estimated data for recurring and accidental wastes and pathways to the environment; 
and (3) risks to the environment evaluated in terms of the amount of contaminant released. 

COMPARAISON DES EFFETS SANITAIRES DE DIFFERENTES FILIERES ELECTROGENES 
EN FRANCE. 

On présente ici les principaux résuitats d'une étude menée dans le coritexte francais sur Ia 
comparaison des risques induits par Ic fonctionnement des installations des trois principales 
filières électrogènes actuellement utilisées: cycle charbon, cycle fuel, cycle nucléaire (réacteurs 
a eau sous pression). Cette comparaison a été réalisée aprés l'analyse détaillée des cycles du 
combustible relatifs a chaque technique. Les hypotheses utilisées dans la definition des chaines 
CnergCtiques out Cté rendues cohérentes par référence a des scenarios qui tiennent compte des 
perspectives de Ia demande et de i'offre d'électricitC envisagees pour Ia France a l'horiznn 
1990(300 TW h net). Trois categories d'effets sont détailtées: I) les risques professionnels 
(accidents do travail, maladies professionnelles, risques radiologiques thCoriques); 2) les 
risques pour Ic public appréciCs a partir des données prévisionnelles des rejets continus et 
accidentels et des voles de transfert dans l'environnement; 3) les risques pour l'environnement 
CvaluCs en terme de quantité de substances polluantes rejetées. 

557 
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INTRODUCTION 

Les recherches sur l'évaluation des risques environnementaux et sanitaires lies 
aux technologies electrogènes procCdent d'un double objectif: assurer une 
clarification des données disponibtes on les présentant sous une forme systématique 
qul permette la comparaison, mais aussi, assurer a terme une meilleure allocation 
des ressources de süreté et de protection en dégageant des priorités ou en soulignant 
d'Cventuelles incohérences. En France, Ic CEPN (Centre d'étude sur I'évaluation de 
Ia protection dans Ic domaine nuclCaire) a menC une étude sur Ia comparaison des 
risques induits pour le public et les travailleurs par Ia construction et le fonctionne- 
ment des installations des trois principales filiêres Clectrogènes actuellement utilisëes: 
cycles charbon, fuel et nucléaire (PWR). 

Par ailleurs, une extension dc cette dCmarche aux cas des Cuergies renouvelables 
a été réalisée: production d'électricité a partir des centrales solaires thermiques et 
photovoltaiques. 

Tout on s'inscrivant dans le contexte des travaux scientifiques internationaux 
dans ce domaine, cette étude prCsente une double caractéristique. 

D'une part, die s'applique spécifiquement au cas d'un pays européen dépourvu 
presque complétement de ressources fossiles (Ia France) eta ses conditions 
géographiques et Cconomiques particulières; rappelons briêvement qu'en 1973 
les trois-quarts dc la consommation totale d'énergie de Ia France provenaient de 
l'importation, que les ressources en gaz naturel ne couvraient que 40% de la 
demande, qu'aucun gisement important de pCtrole ne se trouve sur Ic territoire 
français et que ses reserves de charbonsontlimitées( 1/10000 des ressources 
mondiales) et expioitées dans des conditions plutOt nlauvaises. 

D'autre part, elle s'appuie, pour opérer l'évaluation des risques, sur les 
donnCes qui caractérisent la situation économique. On a ainsi utilisC les méthodes 
d'analyse macro-économique et les tableaux d'échanges industriels employés dans 
i'Claboration de la comptabilitC nationale française pour Ic calcul des risques 
professionnels lies a la construction des installations électrogènes [11. 

On se limitera uniquement ici A l'évaluation des risques sanitaires et environne-
mentaux pour Ic public et les travailleurs liCs au fonctionnement normal des 
filiCres énergétiques fossiles (fuel et charbon) et nucléaire (PWR) en s'efforcant 
de comparer ces risques dans le cas d'une production annuelle de la méme quantité 
d'énergie électrique nette. 

DES (SCENARIOS) ENERGETIQUES COMPARATIFS: UN POINT DE 
DEPART INDISPENSABLE 

Afin dc comparer les risques des diffCrentes chaines énergétiques, ii est 
indispensable d'étudier dans le detail les éléments caractéristiques de chaque 



IAEA-SM-254/51 	 559 

TABLEAU I. SCENARJO DE BASE UTIL1SE (FRANCE 1990) 

Scenario NuclCaire Fossiles 

Nombrc de tranches 30 tranches de 	900 MW e  Equivalents de 87 tranches 
28 tranches de 1300 MWe  de 600 MWe  

Produnion d'énergie 304,5 296 
nette (TWh) 

Durée muyenne 5200 h 5670 h 
d'utilisation 

technique, c'est-à-dire pour une technologie donnée, de préciser l'origine des 
approvisionnements, La qualité des minerais, les distances de transport, Ia 
localisation géographique des installations, etc. 

Dans Ic cas du nucléaire, cette tãche se révèle assez simple puisque Ia notion 
de cycle du combustible nucléaire rend bien compte a Ia fois de l'ensemble des 
flux de matières et des transformations industrielles subies par l'uranium depuis son 
extraction jusqu 'nu retraitement du combustible irradié, pour une production 
d'énergie électrique donnée. 

En cc qui concerne le fuel et le charbon, Ic prohlème se pose en d'autres 
termes: il faut tenir compte de Ia multidimensionalité des besoins satisfaits par 
ces deux chamnes ënergétiques et opérer une imputation des coüts sociaux de ces 
deux filières, au prorata du volume ou des productions de matiéres premieres 
qul sant destinées a I'usage électrogCne. 

LES SCENARIOS NUCLEAIRE ET FOSSILES 

Partant des perspectives d'évolution de la dernande et de l'offre d'électricité 
envisagées pour Ia France a l'horizon 1990 (tendance 365 TW h)) en 1985) on a 
défjnj les scenarios nucléaire et fossiles décrits dans le tableau I. 

Le scenario nuciCaire comprend Ic programme électronuclCaire (PWR) 
effectivement engage depuis 1970 tel qu'il a etC défini en 1978. 

Les scenarios fossiles sont composes des programmes classiques fuel et 
charhon susceptibles d'assurer Ia méme production nette d'ClectricitC que Ic 
programme nuclCaire. 

La repartition géographique des diverses installations est fonction des 
contraintes technico-économiques: approvisionnement on combustibles fossiles. 
Cloignement des lieux de consommation, souci d'amCnagement du territoire, etc.; 
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ii y aurait ainsi, pour les centrales, II sites (classiques, chacun équipé de 8 tranches 
de 600 MWe  couplécs deux par deux et 15 sites (nuclëaires (25% on bord de mer, 
10% en estuaire et 65% en hard de riviêre) 

II convient en autre de préciser que les scenarios définis ci-dessus sont 
conformes aux legislations de protection et de sQretC actuellement en vigueur en 
France et qu'aucune prevision d'Cvolution de ces dernières n'a été prise on compte 
dans cette étude, Dc mCme, on a considCrC les technologies darts leur Ctat actuel 
sans faire de prospective a leur égard. 

3. L'INVENTAIRE DES RISQUES 

L'identification des différents risques pour Ia sante de l'homme et l'environne-
ment naturel présente une part largernent conventionnelle due aux multiples 
incertitudes qui demeurent sur les effets reels. Une certaine pratique génCrale 
des etudes d'impact a ainsi abouti a la.quantification d'un certain nombre dc 

risques et de nuisances qui servent depuis de rCfCrence sans que ces choix de base 
soient nécessairement netternent justifies. 

Par ailleurs, face a Ia divers ité extreme des risques envisageables, diverses 
classifications peuvent Ctre proposCes, s'exprimant de la facon suivante: 

tes risques spCcifiques associés a la fois au fonctionnemeni en situation 
normale et en régime accidenteL 

-- l'ensemble des risques communs pouvant Ctre opposes aux précCdents, 
c'est-à-dire les risques industriels gCnéraux de ces types de production: accidents 
du travail; problCmes de rCchauffeinent des eaux qui sont de mérne nature, bruit, 
rejets chimiques liquides, etc. 

On peut encore diffCrencier les risques scion un critère spatia-temporel. On 
a ainsi, d'une part, tes effets diffus, globaux, a long terme, susceptihies d'affecter 
de trés vastes populations. Ces risques comportent souvent des incertitudes notables 
soit sur leur possihilitC de rCalisation effective (modification globale de clirnat liCe 
a Ia concentration croissante en CO 2  par exempie), soit sur La validitC des 
evaluations quantitatives qu'on opCre a leur propos (cas des radionuciCides gazeux 
de longue période et des calculs de dose collective auxquels its donnent lieu). Et 
on a, d'autre part, les effets localisCs, a court terme et a moyen terme, concernant 
les personnes du public particuliCrement exposCes du fait de leur proximité (groupes 
fcritiques)) et les travailleurs. 

En cc qui concerne les scenarios fossiles, les importations de pCtrole sont ventilées 
de Ia manière suivante: Proche-Orient (78%), Afrique du Nord (6,5%), Afrique Noire ( 7,6%), 

Mexique(2,8%), divers (5,1%). Celles de eharbon: Pologne (10%), Afrique du Sud(25%), 

Australie (25%). Etats-Unis (20%), Canada (13%), divers (7%). 
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En cc qui concerne le régime accidentel, on peut distinguer trois categories 
de risques; 

les risques catastrophiques, largement évoqués a propos du nucléaire, 
mais qul peuvent survenir également dans le cas des energies classiques (par 
exemple, dans le cas des raffineries ou des accidents de transport par tankers pour 
lesquels on ne dispose pas toutefois de données quantifiCes); 

les risques accidentels mineurs plus courants et qui donnent lieu a des 
consequences beaucoup moms graves; 

- enfin, le domaine des risques resultant clactions humaines volontaires 
(sabotage, par exemple) non quantifiees dans cette étude. 

Le tableau II resume l'ensemble des risques considérCs gCnéralement a propos 
des trois chaines énergétiques Ctudiées. 

4. PRINCIPAUX RESULTATS 

Avant de procéder a une presentation synthétique des principaux résultats 
de l'étude,il convient de rappeler Ia nCcessité d'une certaine prudence dans 
l'interprétation et l'utilisation des données quantitatives. 

Elles sont, d'une part, entachCes d'incertitudes plus ou moms importantes 
scion qu'il s'agit de données relatives a une technologie ayant fait l'objet de 
recherches ou d'Ctudes pr6cises 2 ; d'autre part, ii faudrait distinguer entre les 
donnCes fondCes sur l'observation directe et celles estimées a partir de modCles 
théoriques: enfin, dies aboutissent indirectement a accentuer l'importance du 
connu par rapport a l'incertain. 

Or le fait de disposer d'une information riche sur certains aspects du risque 
signifie d'abord que des efforts particuliers de contrOle et de recherche lui ont 
Cté consacrés mais pas nCcessairement que cc risque soit important en valeur 
relative. A l'inverse, Ia difficulté a quantifier un effet ne doit pas faire négliger 
son importance comme on s'en rend compte aujourd'hui, par eemp1e, au sujet 
de Ia modification du climat par les emissions massives de CO 2 . 

Deux categories de risques sont seulement présentées ici; 
- les risques professionnels (accidents du travail, maladies professionnelles, 

risques spécifiques: radiations et pneumoconioses par exemple); 
les risques pour Ic public tels qu'ifs peuvent Ctre appréciés théoriquement 

a partir des données prCvisionnelles de rejets continus at accidentels et des voies 
de transfert dans l'environnement. 

2  Cas des modèles de transfert des rejets toxiques dans I'environnement, les relations 
dose - effet restant sujettes controverse. 
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L'agrégation des données relatives aux effets sur la sante a ëtë réalisCe a l'aide 
d'un indicateur global Claboré de Ia façon suivante (en equivalent de jours perdus): 

I effet sanitaire radio-indtiit 	I décCs 	6. 10 3  jours perdus 3 : 

1 accident du travail avec arrCt 28 jours perdus (moyenne pour la France 
en 1976) [2]; 

-- 1 maladie professionnelle 338 jours perdus (France 1976) incluant Ia 
mortalitC et lesjours d'arrCt de travail) [2]; 

4.1. Les risques professionnels 

Les effets sanitaires annuels sur les travailleurs, lors de l'exploitation pour les 
trois filières énergCtiques considérCes et pour un cycle normalisC a 5,67 TWh 
soit I GWe  X 5670 heures de fonctionnement annuel moyen, sont présentés 
dans Ic tableau IlL 

On constate d'une maniére génCrale que les risques de type classique dans 
Ia chaine nucléaire sont plus importants que les risques radiologiques méme en 
prenant Ia valeur élevée de 6. 10  jours perdus par effet radio-induit théorique 
(mortel). 

('ompte tenu de la structure économique et gCographique d'approvisionne-
ment des rnatières premieres, on note que Ia chaine nucléaire conceritre 90% 
des risques sur Ic territoire national tandis que Ic résultat est inverse pour les 
chaines fuel (15%) et charbon (10%). 

Les differences entre niveaux de risque collectif des filières peuvent 
s'expliquer, soit par des differences entre les effectifs mobilisés pour une mCnie 
production d'énergie nette, soit par des differences de risque individuel moyen. 

4.2. Risques sanitaires pour le public 

La comparaison des risques pour Ia sante publique au voisinage des installations 
repose, d'une part, sur l'estirnation des rejets radioactifs des installations du cycle 
nuclCaire et, d'autre part, sur celle des polluants atmosphCriques des centrales 
thermiques classiques. Dans tes deux cas, if s'agit de valeurs théoriques calculCes 
a partir de rnodèles de rejet, de transfert et de relation dose-effet. II faut 
rernarquer que l'incertitude tiée aux effets sanitaires calculés pour la pollution 
atmosphCrique est beaucoup plus importante que celle associCe aux effets radio-
induits théoriques. 

Le tableau lV synthCtise les donnCcs sur les effets sanitaires sur te public 
pour les trois filiCres normalisCes a 5,6 TWh. 

Ii s'agit là d'une surestimation notable s'agissant de cancers ou de leucémies intervenant 
aprCs des temps de latence importants (jusqu'à une vingtaine d'années). 
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TABLEAU IV. EFFETS SANITAIRES SUR LE PUBLIC EN FONCTIONNEMENT 
NORMAL (impact normalisé a i GW X 5670 heures) 

Population au voisinage Mortalité théorique" 
Fjliêre d'un sitea 

0-20km 	0-100km 0-20km 	0-100km 

PWR 132000 848000 0,00051 00031C 

Fuel 163 500 908100 0,8-3,8 3,9-15,6 

Charbon 163 500 908 100 0,42-1,7 2,2-9,9 

a En France lea scenarios considCrent, pour Ia filière PWR, 15 sites de 4 tranches de 
900 MWe_  1300 MW, pour les filiCres fuel et charbon, 11 sites de 4,8 GW. Fuel a 3% de 
teneur en soufre, charhon a 1%, cheminées de 85 rn. 
b Lea décCs sont dCduits des relations dose-effets de Ia CIPR (pour lea effets radiologiques) 
et de celles de Hamilton, Lave et Seskin (pour Ia pollution atmosphCrique). 

Risque calculC pour lea seules centrales; les effets imputables aux centrales ne représentent 
que 107 de la mortalitC totale due au cycle PWR. 

TABLEAU V. RISQUE ACCIDENTEL POUR LE PUBLIC (cl'aprês hypotheses 

rapport WASH 1400) 

Consequences 	 Risque coliectif 	 Risque individuel 
(annuel) 	 (annuel) 

- Morts immédiates 1,2. l0 6 10 - 

- Effets a court terme 8 102 4 

Effets somatiques a long terme 2,6. I0_2 8 	10-10 

- CancerthyroIdien 2,610 8.l0 

Effet gCnCtique t' 4. 10 0 , 7.10 -10  

Transposition directe des donnCes alnCricames du rapport WASH 1400 au cas du programme 
francais (58 réacteurs; population a 25 km autour des sites: 2. 10 individus; population 
totale: 50.10). 
h Taux d'apparitjon annuel pour Ia premiere génération aprCs l'accldent. 
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Du point de vue de Ia süreté, le cas des accidents dans les centrales nucléaires 
est a comparer aux accidents dans les raffineries et aux ruptures de terrils dans les 
installations d'extraction et de preparation du charbon. 

Le tableau V donne une estimation grossière des risques accidentels pour le 
public obtenus en transposant les donnCes américaines du rapport WASH 1400 
au cas francais dans le cadre d'un cycle PWR normalis6(304,5 TWh énergienette). 

CONCLUSION 

Les efforts menCs dans le domaine de la comparaison des consequences 
sanitaires et Ccologiques des différentes filières énergétiques ont suscité des 
rCflexions sur les points suivants: 

- l'importance du contexte économique et géographique dans l'évaluation 
des risques lies a une technologie et dans leur interpretation; 

- le rOle des jncertitudes caractCrisant le niveau de connaissance d'un risque 
donnC. qui tendent C introduire des biais de presentation dans le sens d'une 
majoration des éléments les mieux connus par rapport a ceux qui sont plus 
incertains. 

- l'hCtérogénéité des risques considérCs qui rendent delicate toute tentative 
de synthCse. 
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DISCUSSION 

I.M. TORRENS: Your figures for worker-days lost for oil and coal probably 
depend rather sensitively on the characteristics for the two normalized fuel cycles 
mentioned in your oral presentation. It is surprising to note that, for example, 
SO, emissions are twice as great for the oil-fired plant (plus refinery) as for the 
equivalent coal-fired plant. Could you give some more details on the characteristics 
of the two cycles and other relevant assumptions? 

C. MACC1A: The sulphur content in oil is 3% but is only 	in coal. Both 
power plants were built without desulphuration systems and thus we found that 
the SO emissions differed by a factor of 2 as a result of the differences in the 
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sulphur content and thermal efficiency of the two fuels. It should be stressed that, 
apart from the technical factors involved, the origins of the fuel should be included 
among the sensitive parameters. 

P.D. MOSKOWITZ: Could you comment on the uncertainty introduced by 
assuming an average of 28 working days lost for different occupational sectors 
with significantly different morbidity experiences? 

C. MACCIA: The statistics we used did in fact allow us to determine the 
number of working days-lost in the different industrial sectors. The averago figure 
was simply given for information purposes. Admittedly, some confusion might 
arise because the value of 6000 working days lost for one death, which appears 
immediately before the figure in question in the paper, is actually used in the 
risk index. 

P.D. MOSKOWITZ: Could you explain the significant differences between 
the labour and mortality estimates for the coal and oil fuel cycles in your paper? 

C. MACCIA: The difference is simply due to the very high accident rate 
in mining operations in which most of the coal-cycle workers are involved. 
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Absvract 

A COMPARATIVE ASSESSMENT OF THE HEALTH IMPACTS OF COAL-FlRED 
PEAT-FiRED AND NUCLEAR POWER PLANTS. 

New large condensing power plants must be built in Finland to satisfy the increasing 
demand for electric power. Possible choices are coal- or peat-fired power plants and nuclear 
power plants. A Study of the health impacts of alternative plants has been made. The total fuel 
cycle from extraction to waste disposal has been considered, although some phases of fuel cycles 
of coal and nuclear power are performed in the fuel-supplier countries. Health impacts on the 
general public from atmospheric emissions of contaminants are assessed for one typical plant Site. 
Risks associated with accidents in fuel transport are assessed on the basis of the present 
transport situation. A research project in which stack emissions of oil-, coal- and peat-fired 
power plants are analysed is under way. 

INTRODUCTION 

Alternative building policies of large condensing power plants 
in Finland include coa1 or peat-fired and nuclear power plants. 
Alternative building programs can be evaluated by estimating their 
costs and economic impacts or by assessing their health impacts. 
in a research project completed in 1980 both aspects were 
considered. In this paper, the latter part of the project Is 
reviewed. 

ALTERNATIVE BUILDING POLICIES 

The total electrical energy consumption in Finland was 40 TWh 
in 1980. According to forecasts it is expected to increase to 70 to 
90 TWh in 2000. The base load is supplied with hydropower, coal 
and oil-fired condensing plants and nuclear power. Combined beat 
and power plants and industrial back pressure plants use coal, oil 
and peat as fuel. To satisfy the growing demand, new condensing 
power plants as well as combined heat and power plants have to be 
built. 
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In 1980 the Technical Research Centre of Finland (VTT) 
performed a study of the costs and economic impacts of alternative 
power-plant building programs. The following building policies of 
new condensing plants were considered 

coal power 
nuclear power 
coal and nuclear power 
coal and peat power 
coal, nuclear and peat power 

Plant capacities were fixed so that only 1000 MW(e) nuclear, 
500 MW(e) coal and 200 MW(e) peat power plants were considered. 
Seven alternative building programs were evaluated. Direct and 
Indirect costs of the programs were assessed as well as their 
impacts on employment and national economy. 

3. BASIC ASSUMPTIONS 

The economic evaluation was supplemented by a study of the 
health and other environmental effects of the alternative plant 
types [1]. The aim of the study was to provide a review of 
present domestic and foreign knowledge in the field and to compare 
the health impacts associated with alternative fuel cycles. 
Previous studies by VTT [2,3] as well as extensive Swedish [4,5] 
and other foreign studies were utilized. 

Health effects can be divided Into two categories as regards 
their dependence on site—specific data. Site-dependent is the 
dispersion of air contaminants and the resulting collective doses. 
Less site-dependent are the risks associated with fuel and waste 
transportation. Site-independent are industrial accidents and 
occupational diseases in fuel extraction and processing as well as 
in plant operation. 

Because no plant sites were specified in the building 
programs, only one site was used to assess the site-dependent 
risks. This site lies on the south coast of Finland, west of the 
Helsinki metropolitan area. The site is feasible for a coal and 
possibly for a nuclear plant but not for a peat plant. New 
nuclear plants would most probably be built adjacent to the 
existing ones whereas peat plants would be sited in central or 
east Finland where the fuel peat bogs are. The population density 
around future nuclear and peat plants would be lower than around 
the site used in this study. 

Population distribution around the site Is given in Table I. 
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TABLE 1. CUMULATIVE POPULATION 
DISTRIBUTION USED IN CALCULATING 
COLLECTIVE DOSES 

circle radius 	total population 

	

20 km 	 25 000 

	

50 km 	 475 000 

	

100 km 	 I 150 000 

	

250 km 	 3 000 000 

TABLE II. POLLUTANT EMISSIONS 
(t/TWh(e)) 

pollutant 	coal plant 	peat plant 

fly ash 	 190 	220-1400 
SO2 	 5400 	400-4700 
EaP 	 0.035-0.35 	1.2 

TABLE III. COLLECTIVE POLLUTION 
BURDENS 
(man ig 3 ) 

	

coal 	 peat 

TSP 	9 500 	11 000- 70 000 
SO2 	540 000 	40 000-470 000 
BaP 	0.35-35 	 120 

TABLE IV. EXCESS FATALITIES PER PLANT 
YEAR 
(1000 MW(e)) 

coal 	 peat 

SO2 & TSP 	0.6-2.2 	0.2-2 
BaP 	 0.006-0.6 	2.2 
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4. HEALTH IMPACTS OF RELEASES IN THE ENViRONMENT 

The following pollution indices were used for coal and peat 
fired plants 

- 	total sulphur as 50 2 
- 	total suspended particulate (TSP) 
- 	benzo(a)pyrene (Ba?) 

Emission data of these pollutants for conventional plants were 
taken from [4J and are given in Table II. 

Low sulphur coal with 0.85 Z S is used without sulphur 
removal. Particulate removal efficiency is taken to be 99.5 %. 
The large variation in fly ash and SO2 emissions for the peat 
plant reflects the large variation in the fuel properties. E.g. 
the sulphur content of peat varies between 0.05 % and 1 7.. Some 
oil is used as auxiliary fuel in the peat plant. Particulate 
removal efficiency of the peat plant is assumed to be 98 %. 

There is a considerable uncertainty in the emission data of 
BaP. The upper and lower estimates for coal differ by two orders 
of magnitude in Table II. In 1980 there was no experimental data 
available for peat plants. The number 1.2 t/TWh is a guess by the 
authors of L4 	This number, however, was withdrawn from the 
final version of [4]. 

Dispersion calculations performed by the Finnish 
Meteorological Institute for a coal plant with 150-rn stack at the 
site were used to estimate the collective pollution burdens from 
the emissions in Table II. The plant is assumed to run 6000 h 
annually with full load. The calculated pollution burdens are 
given in Table III. 

To assess the excess mortality linear dose—effect relationships 
without thresholds were assumed. For SO2 and particulates two 
correlations suggested by Lave [6] were used, for Ba? we used the 
correlations by Carnow and Meier [7]. The calculated numbers of 
excess fatalities are given in Table IV. 

The collective dose from radionuclides in fly ash of a coal 
plant was assessed adopting the results of a British study [81 to 
Finnish conditions. We noted the following differences: 

- 	concentration of radioactivity in Polish and Soviet coals is 
about one third of the value assumed in L8 

- 	Finland has lower population density 
- 	lower percentage of land area is used in farming in Finland 
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Probability per reactor year of consequence N 
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FIG. I. Complementary cumulatire probability distribution for the number u/cancer deaths 

due to ,yactor accidents. 

KO: 	Plant site used in this study. 

LO: 	Site with existing reactors in Finland. 

RSS: 	WASJ-!-1400[11]. 

GRSS: German Reactor Safety Study [121. 

In 8] the collective dose was 5.7 man Sv/(GW(e)a). Taking 
into account the above differences we conclude that the dose in 
Finland probably does not exceed 1 man Sv/(C1(e)a). 

In the assessment of health impacts in normal operation of a 
nuclear reactor, statistical data on the releases of a number of US 
nuclear plants in 1974-1975 were used. A weighted average of BWR 
median (weight 0.9) and maximum (weight 0.1) releases gave a 
collective dose of 0.2 man Sv/a. The collective dose was 
calculated within a radius of 250 km encompassing a total 
population of three millions. The method of calculation is 
described in [3] 

10 

10 -6  

1 

'a_ a  

10 
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TABLE V. EXPECTATIONS OF FATALITIES PER 
PLANT YEAR DUE TO RADIOACTIVE RELEASES 

(1000 MW(e)) 

coal 	nuclear power 

normal operation 
late effects 	0.02 	0.004 

accidents 
early deaths 	- 	0.001 
late effects 	- 	002 

Health risks of radioactive releases were assessed by 
employing the dose—effect relationship suggested by the ICRP L 

91. 
Collective whole-body dose of 10 man Sv is assumed to cause on 
the average 125 cancer deaths and 80 cases of serious hereditary 
changes in the descendants (all generations) of the exposed 
population. Thus, altogether 200 cases of late radiation effects 
per 10 man.Sv are assumed to occur. 

Health risks of reactor accidents were assessed utilizing the 
release categories of [11] with demographic and meteorological 
data for typical sites in Finland. The assessment includes both 
the early and the late fatalities. In Figure 1 the cumulative 
probability distribution of cancer deaths calculated for two sites 
in Finland are compared with US 1] and FRG L121 results. 
The expectations of health effects due to radioactive releases 
from coal and nuclear plants are presented in Table Y. 

An analysis of the spent fuel storage at the nuclear plant 
site proved that probability and consequences of severe fuel 
storage accidents are considerably smaller than for reactor 
accidents. Spent fuel transportation was assessed to give only a 

	

minor contribution (about 2xl0 	man.Sv) to the collective dose. 
According to L10] the final disposal of spent fuel causes a 
collective dose commitment of about 0,3 man.Sv/(CW(e)a) during 
those 500 years in which the exposure is highest. 

Based on the information in L13,14J,radon  emissions from 
uranium mill tailings waste and coal fly ash pile were both 
estimated to cause a relatively high collective dose commitment. 
The respective dose commitments were of the same order of 
magnitude. 
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TABLE VI. FATALITY RATES IN TRANSPORT IN FINLAND 

mode 	accidents 	 rate 

ship 	accidents aboard 	 1.4x10 2  man-years 

rail 	level crossing accidents, 
person run over by a train 	2l0- 6 train-km 

road 	road traffic accidents 	5x10 8  lorry-km 

TABLE VII. FATALITIES IN TRANSPORT PER 
PLANT YEAR 
(1000 MW(e)) 

ship 	rail 	road 

coal 	 0.08 	- 	0.01 
peat 	 - 	1.9 	0.9 
nuclear power 	- 	0.001 	- 

TABLE VIII. OCCUPATIONAL FATALITIES IN ENERGY 
PRODUCTION PER PLANT YEAR 
(1000 MW(e)) 

coal 	peat 	nuclear 

occupational 
diseases 	(2) 	not cale. 0.15(0.23) 

industrial 
accidents 	0.05(1.6) 0.05 	0.01(0.2) 
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5. OTHER HEALTH IMPACTS 

Finnish data on transportation accidents have been reviewed to 
assess the risks of transporting fuel and waste. The evaluated 
fatality rates are given in Table VI. 

It can be observed that the risks in sea transportation are 
entirely occupational whereas in land transportation they are 
primarily public. 

The transportation risk assessment was based on the 1980 
transportation situation. Coal is transported by ship from 
supplier countries. About 15 % of the fly ash collected in coal 
plants is transported to cement factories. Fuel to peat plants is 
transported(alternatively)by train (average trip lenght 150 kin) or 
by lorry (75 kin). Nuclear fuel is transported by ship or by 
train. 

The relatively large number of fatalities in peat 
transportation is a consequence of the large number of train or lorry 
loads needed to operate a power plant. The resulting large 
transportation costs favour sites near the fuel peat bogs. 
Transportation of fuel peat to such sites would involve smaller 
risks than those in Table VII. The risk of nuclear fuel 
transportation in Table VII is almost exclusively caused by 
conventional traffic accidents. 

In [5]data on deaths of miners working in West German coal 
mines is reviewed. This data was considered representative of the 
working conditions in the countries which supply coal to Finland. 
Data on industrial accidents and occupational diseases in the 
nuclear fuel cycle is taken mainly from [15]. The dose 
15 man Sv/(GW(e)a) was employed for the occupational exposure both 
at a power plant and at a reprocessing plant. 

Fuel peat is extracted by the milling method in which about 1-
cm-thick top layer is removed from the bog. In certain weather 
conditions peat extraction is accompanied by copious dust, 
which occurs in other phases of fuel peat handling, too. In a 
recent health survey of Finnish peat industry workers with working 
experience ranging from 1 to 30 years (average 5 years) no cases 
of occupational diseases of the respiratory tract were discovered 
[16]. The rate of industrial accidents in peat extraction is 
low. 

Dust explosions have occurred in Finnish peat-fired power 
plants at the rate of 0.4/plant year L171.  So far these 
explosions have caused only one death. It is tentatively assumed 
that the rate of fatal accidents in peat plants is the same as in 
coal plants. 
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TABLE IX. FATALITIES (INCLUDING LATE EFFECTS OF 
IONIZING RADIATION) PER PLANT YEAR 
(1000 MW(e)) 

Coal Peat Nuclear 

Normal operation 
workers (2) not 	caic. 0.15(0.2) 
public 0.6-2.2 0.2-2.2 0.004(0.3) 

Accidents 
workers 0.13(1.6) 0.05 0.01(0.2) 
public 0.01 0.9-1.9 0.02 

Waste 
public not 	caic. not calc. 0.006(0.1) 

Total 0.7-2.3(3.6) 1.2-4.2 0.2(0.8) 

The estimated occupational fatalities are given in Table VIII. 
In this table occupational deaths associated with those phases of 
the fuel cycle which are not performed in Finland are given in 
parentheses. 

6. SUMNARY OF RESULTS 

All the results of the previously mentioned health risk 
assessments are summarized in Table IX. The risk numbers are 
fatalities per plant year for a 1000 MW(e) power plant. Late 
effects of ionizing radiation are included in the fatality 
numbers. The fatalities in fuel supplier countries are given in 
parentheses. 

There is a considerable uncertainty in all the risk figures, 
expecially the public ones, given in Table IX. The ranges of the 
assessed public risk figures reflect variations in fuel 
composition, uncertainties of emission data and the different 
dose-effect correlations used. However, we have not tried to 
estimate how the basic uncertainties of the dose-effect 
relationships (primary agent, functional form etc.) affect the 
ranges. 

The largest contributors to the health risk in Finland are, in 
the case of coali sulphur and particle emissions; in the case of 
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peal: polyaromatic hydrocarbon emissions and transportation 
accidents; and in the case of nuclear power; occupational diseases. 
For coal and nuclear power plants more fatalities are assessed to 
occur in the fuel supplier countries than in Finland. 

7. MEASUREMENT OF ATI4OSPHERIC EMISSIONS FROM POWER PLANTS 

At present eight peat fired heat power or back pressure plants 
operate in Finland. Six plants are in the planning or the construction 
stage. Until now no experiment al data on atmospheric emissions of 
peat plants has been available. It has been conjectured that PAH 
emissions from a peat plani are considerably larger than from a 
coal plant (c.f. Table II). 

We have at VTT a research project under way in which stack 
emissions from Finnish oil., coal and peat-fired plants are 
analyzed. The concentrations of the following components are 
measured 

- 	partiiculates 
- 	SO2, NON , CO, CO2 
- 	trace elements (including heavy metals, U, Tb) 
- 	Po-210, Cs-137, Ra-226 
- 	about 30 PAll compounds 

The fuels as well as fly and bottom ash are analyzed for 
trace elements and radionurilides. The measurements are performed 
in cooperation with Swedish research institutes which also perform 
iinmission measurements around peat-fired plants. Trace elements 
and PAll are analyzed in water and vegelal samples taken near the 
plants. 

Because PAll emissions are expected to depend upon the 
combustion process, plants with differing combustion methods were 
chosen. The-projects will be completed in 1982. According to 
some preliminary results it seems that the guessed 3aP emission 
rate in Table II overestimates the actual rate by one or two 
orders of magnitude. 
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Abstract 

HEALTH IMPACTS OF GEOTHERMAL ENERGY. 
Geothermal resources are used to produce electrical energy and to supply heat for 

nonelectric applications like residential heating and crop drying. The utilization of geothermal 
energy consists of the extraction of hot water or steam from an underground reservoir 
followed by different methods of surface processing along with the disposal of lIquid, gaseous, 
and even solid Wastes. The focus of this paper is on electric power production using 
geothermal resources greater than 1 50 C C because this form of geothermal energy utilization 
has the most serious health-related consequences. Based on measurements and experience at 
existing geothermal power plants, atmospheric emissions of non-condensing gases such as 
hydrogen suiphide and benzene pose the greatest hazards to public health. Surface and ground 
Waters contaminated by discharges of spent geothermal fluids constitute another health hazard. 
In this paper it is shown that hydrogen solphide emissions from most geothermal power plants 
are apt to cause odour annoyances among members of the exposed public - some of whom can 
detect this gas at concentrations as low as 0.002 ppmv. A risk-assessment model is used to 
estimate the lifetime risk of incurring leukaeniia from atmospheric benzene caused by 2000 MW(e) 
of geothermal development in California's imperial Valley. Also assessed is the risk of skin cancer 
due to the ingestion of river Water in New Zealand that is contaminated by waste geothermal 
fluids containing arsenic. Finally, data on the occurrence of occupational disease in the 
geothermal industry is briefly summarized. 

1. INTRODUCTION 

Geothermal energy is a general term that refers to the 
stored heat of the earth, which can be recovered using current 
or yet-to-he-developed technologies. At the present time, the 
only available current technologies are those that extract 
heat from hydrothermal convection systems; these are systems 
where water or steam transfers heat from deep parts of the 
subsurface system to near-surface locations where the fluid 
may be tapped. Hydrothermal convection systems are 
subcategorized as vapor-dominated (steam) or hot-water 
systens. Vapor-dominated systems are the easiest to utilize 

* Work performed under the auspices of the US Dept. of Energy by Lawrence Livermore National 
Laboratory under Contract W-7405-eng-48. 
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for the production of electricity as the tapped steam can be 
routed directly to a low-pressure turbine, and the condensate 
may he used as cooling water. 

Hot-water systems 	exist 	with 	a 	broad 	range 	of 
temperatures. High-temperature (>150 0C) systems are usable 
for the generation of electricity with existing technology; 
the process is somewhat more complex than for vapor-dominated 
systems because the hot water must be flashed to produce 
steam. Intermediate-temperature ('90 to 150°C) systems are 
usable for other purposes such as space heating and other 
nonelectric uses. 

Other types of geothermal energy are classified as 
concuction-dominated, igneous-related and geopressured [11. 
Conduction-dominated refers to the very low-grade heat that is 
present everywhere on earth; 	it cannot he extracted 
economically at the present time. 	Igneous-related, often 
called "hot dry rock," refers to the heat from recent niagniatic 
intrusions that is stored in dry rocks. This is not 
considered to be a near-term technology, but is an active area 
of research and development. Ceopressured refers to certain 
geologic zones consisting of highly porous sands saturated 
with saline water at very high pressure and temperature, and 
typically at great depths. The value of this resource is 
greatly augmented by the natural gas that is dissolved in the 
fluid. The extraction of geopressured energy is not 
considered to be a demonstrated technology in the sense of 
heat extraction, but the increasingly valued natural gas 
content may accelerate development. 

1.1 Current status of development 

Although geothermal energy is sometimes regarded as a 
future or advanced energy technology, it has been used for 
nonelectric applications for centuries and was first used to 
generate electricity at the turn of the century in Larderello, 
Italy. Today, the geothermal resource area with the largest 
amount of development in the world is located at The Geysers, 
California. Here, the first ll-M(e) unit was placed in 
operation in 1960, and today fifteen units with a net capacity 
of 908 MW(e) are in operation. Hot-water resources have been 
developed much more slowly in the US, and only 10 M(e) are 
currently on-line. Other countries, however, are utilizing 
hot-water resources effectively; two of the larger power 
plants are at Wairakei, New Zealand, 150 MW(e), I anc Cerro 
Prieto, Mexico, 150 M\l(e). During 1979 the total generating 
capacity of geothermal power plants in eleven countries was 

The installed capacity is 192.6 MW(e), but the Output in 1974 could be maintained at 
only 150 MW(e)12]. 
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TABLE I. Installed electric generating capacity of geothermal 
power plants in the world during 1979 [2] 

Country 	 Installed capacity (MW(e)) 

China 1 

El Salvador 60 

Iceland 32 

Italy 420.6 

3apan 165 

Mexico 150 

New Zealand 202.6 

Philippines 59.2 

Turkey 0.5 

U S S R 5 

USAa 663 

Total 	1758.9 

a An additional 255 MW(e) are now on-line. 

about 1800 MW(e) as shown in Table I. Nonelectric uses, In 
contrast, probably amounted to over 6000 M(th) [3]. The 
focus of this paper is on electric power production because we 
believe that this method of utilization has the more serious 
health-related consequences. 

1.2. Environmental and health-related concerns 

There are several environmental issues associated with the 
extraction of hot water or steam from geothermal reservoirs 
and the subsequent processing to produce electricity. These 
include the release of noncondensing gases, the safe disposal 
of large volumes of spent geothermal fluids, land subsidence 
caused by the withdrawal of fluids, enhanced seismicity from 
fluid injection or reservoir cooling, and the production of 
noise. Based upon measurements and experience at existing 
power plants, the most serious concerns relate to emissions of 
gases that are not condensed at operating temperatures and 
pressures. The composition of these gases varies widely from 
reservoir to reservoir; however, the major component is 
typically carbon dioxide, and significant amounts of hydrogen 
sulfide are nearly always present along with trace amounts of 
benzene, radon and mercury. Exposure to atmospheric hydrogen 
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sulfide and henzene poses potential hazards to public and 
occupational health. Public water supplies contaminated by 
discharges of spent geothermal fluids represent another 
potential health problem. In addition, exposure to hydrogen 
sulfide and to toxic chemicals used in hydrogen sulfide 
abatement systems have been identified as occupational nealth 
hazards [4]. 

We cannot consider all of these concerns in this paper, 
and will focus only on a few of the more significant. At a 
later date, we will produce a comprehensive Health and 
Environmental Effects Document under the sponsorship of the US 
Department of Energy. 

2. PUBLIC HEILTH 

The effects of geothermal energy production on public 
health can range from occasional discomfort or annoyance to 
premature death. In this section we focus on the public 
health risks associated with exposure to benzene, arsenic and 
hydrogen sulfide erritted from geothermal facilities. 
Long-term exposure to benzene or arsenic can result in cancer, 
while exposure to hydrogen sulfide can cause personal 
discomfort. The potential significance of these different 
health effects is assessed here through the use of case 
studies involving the development of geothermal resources in 
the United States and elsewhere. 

2.1. Hydrogen sulfide and annoyance 

Hydrogen sulfide is a toxic gas [5]; it can cause 
respiratory paralysis at concentrations above 1000 parts per 
million by volume (ppmv) and the threshold for serious eye 
injury Is 50 to 100 ppmv. It also has a very offensive odor, 
and the human nose can detect concentrations as low as 
0.002 ppmv. The median odor perception threshold is estimated 
to be 0.005 ppmv [4].  Furthermore, there are suggestions that 
chronic exposures to low levels of hydrogen sulfide may 
produce other health effects, primarily of a neurasthenic 
nature. For example, residents downwind of power units 
situated in The Geysers resource area in California have 
complained of headaches, nausea, sinus congestion, abrupt 
awakening, etc., when ambient concentrations were roughly 
0.1 ppmv [4]. However, there is no evidence that would 
suggest that hydrogen sulfide is carcinogenic, mutagenic or 
teratogenic [6]. 

From a public health standpoint, odor annoyance is the 
primary effect of hydrogen sulfide emissions. More severe 
effects are unlikely because atmospheric dispersion of the gas 
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TABLE II. Uncontrolled emission rates of hydrogen sulfide at 
several geothermal resource areas 

Ceothernal resource 	 Emission rate 	Reference 
area 	 (g/MW(e)•h) 

Salton Sea, Californisa 160 [7] 

East Mesa, California 5  55  

The Geysers, California 1 800  

Cerro Prieto 	Mexico 32 0CC  

Wairakel, New Zealand 570 [9] 

Ohuachapan, El Salvador I 58C [2] 

Otake, Japan 542 [2] 

Matsukawa, Japan 5 05C - 20 800 [2 

Larcierelk, Italy 14 SOC [2] 

aLocated in California's Imperial Valley. 

after release from a power plant will normally result in 
non-toxic ground-level concentrations. Emission rates of 
hydrogen sulfide from several geothermal facilities in the 
world are shown in Table II. Even facilities with emission 
rates below 55 g/Mw(e)•h, the lowest presented in Table II, 
can cause ambient concentrations of hydrogen sulfide that are 
above the odor detection level of individuals. Ermak et al. 
[711 have shown that a lOO-MW(e) power plant in the Imperial 
Valley, for example, would have to have an emission rate of 
30 g/MW(e)h in order to prevent hourly concentrations of 
hydrogen sulfide from exceeding 0.03 ppmv beyond 1 km from the 
plant. The hourly average concentration of 0.03 ppmv is the 
California air quality standard for hydrogen sulfide. That 
standard, however, is above the odor detection level of most 
people, and therefore emission reductions would be necessary 
to avoid annoying odors. At The Geysers resource area in 
California, abatement systems have had to be installed on 
power plants to limit hydrogen sulfide eniissions. Ironically, 
the operation of these systems can result in occupational 
health problems. 

2.2. Benzene exposure and leukemia 

Benzene is a hematotoxin that can cause various blood 
disorders, 	including anemia, 	leukopenia 	and 	thronbo- 
cytopenia. 	In addition, it has been identified as a 
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leukemogen. 	The primary sources of information on the 
relationship between benzene and leukemia have not been animal 
studies, but rather epiderniological studies of workers exposed 
to benzene. Studies by Aksoy et ml. [IC],  involving 
shoeworkers in Turkey, and Infante et al. [11], involving 
workers in the rubber industry in the United States, provide 
strong evidence that the chronic inhalation of benzene can 
lead to leukemia. Benzene has been detected in the gas phase 
of geothermal fluids from wells at the following locations: 
Cerro Prieto, Mexico; Larderello, Italy; and The Geysers and 
East Mesa geothermal resource areas in the United States 
[12,13]. The presence of berizene and other nonmethane 
hydrocarbons in those geothermal fluids is probably caused by 
the thermal metamorphism of sediments containing organic 
material [14]. 

An individual's risk of leukemia due to benzene emissions 
from a geothermal power plant is a function of personal 
exposure and the relationship between exposure and the 
probability of cancer. Stated mathematically, 

R = C -E 
	

(1) 

where 

P = an individual's lifetime cancer risk resulting from 
exposure to atmospheric benzene; 

C = concentration of benzene in geothermal fluid, g/kg; 
E = extraction rate of geothermal fluid, kg/s; 

= ambient concentration of benzene, pg/rn 3 ; 

Q = unit emission rate of benzene, g/s; and 
P = lifetime probability of incurring cancer due to 

exposure to benzene in the atmosphere, m 3 /ug. 

An accurate prediction of an individual's risk of leukemia 
is difficult to obtain because of uncertainties regarding 
estimates of exposure as well as the dose-response function 
for the carcinogen being assessed. Therefore, it is helpful 
to quantify the uncertainties in order to gain a better 
understanding of how they affect the prediction of cancer risk. 

Uncertainty is incorporated into the assessment model by 
assuming that the parameters are log-normally distributed and 
they are independent. The uncertainties of the individual 
parameters can then be propagated to obtain an overall 
estimate of uncertainty for the predicted cancer risk by 

Var(,n R) = Var(n C) + Var(in E) + Var(in 	 (2) 

+ Var(2n F) 
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where, e.g., 

Var(2.n R) = 2n 2 Gg (R) 

Og (R) = geometric standard deviation of R 

To illustrate the use of the risk-assessment methodology, 
including the treatment of uncertainty, we analyze the cancer 
risk of one scenario of future geothermal energy production in 
the Imperial Valley of California. The Imperial Valley 
contains five identified geothermal resource areas with a 
total energy potential of almost 7 000 MW(e) for 30 
years [1].  For our analysis of the effects of benzene 
emissions, we have selected a scenario of energy development 
in the valley that is based on 500 MW(e) of energy production 
in each of four hot-water resource areas (i.e. Salton Sea, 
Brawley, Heber, and East Mesa areas). The prediction of cancer 
risk resulting from benzene emissions at 2 000 MW(e) of energy 
production is based on measurements of benzene levels in 
geothermal fluids from one resource area, estimated extraction 
rates of geothermal fluids for power plants in each of the 
resource areas, a simulation of the ambient benzene 
concentrations in the valley using a multiple-source, Gaussian 
diffusion model, and a linear dose-response relationship 
between chronic benzene exposure and an individual's lifetime 
probability of having leukemia. 

Table III presents estimates of the parameters used in the 
benzene risk assessment. The estimate of C is the geometric 
mean of benzene concentrations in fluids from two wells in the 
East Mesa resource area [13]. The value of E was calculated 
as the geometric mean of extraction rates of geothermal fluids 
calculated for a typical 100-MW(e) power plant in each of the 
four resource areas. The estimate of the lifetime probability 
of leukemia per average lifetime exposure to atmospheric 
benzene, F, is the geometric mean of estimates of P derived 
from three separate epidemiological studies [15]. P Gaussian 
diffusion model was used to calculate the isopleths of the 
annual ground-level concentration of benzene, x per unit 
emission rate, Q, from five 100-4i(e) power plants in each of 
the resource areas [7].  The range of values for x/ in 
Table III (i.e. 0.3 to 10.0 pg/m3 per g/s of benzene) are 
for the minimum and maximum isopleths of x/Q. 

For the 0.3 isopleth of x/Q, which encloses most of the 
valley, the estimate of R is 1.1 x 10 -6 ; the value of R 
calculated from /Q  equal to 10.0 is 3.7 x 10-5. These 
estimates of R represent the incremental risk of incurring 
leukemia. The total risk of leukemia due to the inhalation of 
environmental benzene is a function of background levels of 
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TABLE III. Estimates of the parameters used in the benzene 
risk assessment and their variances 

P a rarne te r 

P 

Estimated 
geoFletric mean 

2.9 x 	g/kg 

1.7 x 10 	 (g/s 

0.3 to 10.0, g/rn3  per g/s 

7.6 x 10 6/i9/m 3  

Estimated geometric 
standard deviatior 

1.8 

2.5 

1.8 

benzene plus the incremental levels introduced by geothermal 
development. Background concentrations of henzene in nonurban 
areas in the U.S. have been measured to range from approxi-
irately 1 pg/rn3  to 3.5 pg/rn3  [16), with a geometric 
mean of 1.9pQ/m3 . The leukemia risk for the ambient 
level of 1.9 pg/m is 1.4 x lOs. 

The 	geometric 	standard 	deviation, 	°g' 	for 	each 
parameter can be determined graphically or analytically; 
however, in the absence of sufficient data, it must be 
determined judgmentally. For example, the measurements of the 
benzene concentrations, C, in the geothermal fluids were 
extremely limited, and therefore we assigned a value of 6 to 
the og  of C to reflect the large differences that are 
often associated with the chemical composition of geothermal 
resources. A cc of 1.8 was computed for the three values 
of P estimated by Albert [15]. The value selected for ag  
of X/Q is based on a validation study of Gaussian diffusion 
models used to predict long-term air concentrations of a 
conservative pollutant [17]. Finally, we analytically 
calculated the value of c for the temperature-dependent 
extraction rates of lDO-MW(e) flashed-steam power plants in 
the four resource areas. The resulting estimate of °g  for 
R is 8.8. As a result, the upper and lower limits to the 
estimated 68% confidence interval for the high prediction of 
incremental leukemia risk (i.e. at x/Q = 10.0) are 
3.2 x 10-4  and 4.2 x 10 -6 , respectively. 

The lifetime risks of leukemia calculated for the scenario 
of eothermal development in the Imperial Valley are less than 
10. The annual incidence of leukemia caused by the 
benzene emissions will be small because the population at risk 
in the valley is less than 90 000 people. To improve the 
accuracy of the risk estimates, additional data are espeoially 
needed on the concentration of henzene in the geothermal fluid 
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from all of the resource areas. 	Furthermore, the risk 
assessment model could be refined by including a variable that 
relates ambient concentrations of henzene to the levels inside 
dwellings. This type of variable is needed to calculate an 
exposure to atmospheric henzene that includes the effect of 
lifestyle (e.g. the time normally spent outdoors versus 
indoors). 

2.3. Arsenic exposure and skin cancer 

The most important source of public health risks from 
geothermal energy production is the emission of noncondensahie 
gases. However, the discharge of spent geothermal fluids is 
also a potential source of negative public health effects --
particularly when spent fluids containing toxic elements, such 
as arsenic, are discharged to a water body that is or can be 
used for drinking, water. The chronic ingestion of drinking 
water contaminated with arsenic can lead to various health 
effects, including skin cancer [18]. The Wairakei geothermal 
power plant in New Zealand probably provides the worst example 
of drinking water contamination from the disposal of 
geothermal fluids. Since 1964 that plant has discharged its 
waste geothermal fluids into the Waikato River, which is the 
source of drinking water for a local town. Under average flow 
conditions, Axtniann [19] calculated an increase of 39 pg/9 
in the arsenic concentration of the river because of the 
geothermal discharges, and noted that, under minimum flow 
conditions, the incremental concentration could be as high as 
250 ig/2. We have calculated the concentration of arsenic 
in the spent Wairakei fluids, and compare it to concentrations 
of As in fluids from other resources in Table IV. 

In order to estimate the incremental risk of developing 
skin cancer from the arsenic in the Waikato River, we use the 
simple model of the USEPA [18]: 

R' = C' 	F' 	 (3) 

where 

R' = an individual's lifetime risk of developing skin 
cancer from drinking water containing arsenic; 

C' = concentration of arsenic in drinking water, 
ig/; and 

F' = lifetime probability of incurring cancer due to 
drinking water containing arsenic, Z/pg 
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TABLE IV. Concentration of total arsenic in geothermal fluids 
from ten geothermal resource areas 

Geothermal resource 	Arseric concentration 	Reference 
area 	 (mg/i) 

airakei, New Zealand 2.7 2  

Broadlands, New Zealand 3.3 [2 

Ahuachapar, Cl Salvador 11.3 [2] 

Hatchobaru, 	Japan 3.2 [2] 
Cerro Prieto, Mexico 0.5 - 2.2  

Salton Sea, California 11. 21] 

Brawley, California 2.6  
Heber, California 0.1 t21] 

East Mesa, California 0.2 [21] 

The Geysers, California 0.004  

a Derived from data in Axtmann [19. 

The value of F' has been derived by the USEFA [18I, and is 
4 x 10-4  per iig/.  It is based entirely upon epidemi-
ological studies of Taiwanese exposed to high concentrations 
of arsenic in drinking water from artesian wells [23,2411. 
There is information [18] that indicates that trivalent 
arsenic was the predominant form of arsenic present in the 
ground water, instead of the less toxic pentavalent form [25] 
that is usually expected in natural waters. The Walrakei 
geothermal fluids could also contain a significant amount of 
arsenic in the trivalent state because anaerobic conditions in 
the geothermal reservoir probably would limit the oxidation to 
the pentavalent form. Data supporting this assumption are 
from a study conducted by Crecelius et al. [2011 of arsenic 
speciation in the geothermal fluid from a well supporting the 
Cerro Prieto power plant in Mexico. They found that the 
arsenic in the geothermal fluid, prior to atmospheric 
exposure, was 78% trivalent arsenic and 22% pentavalent 
arsenic. Additional information that corroborates the 
presence of trivalent arsenic in the Wairakei geothermal 
fluids is from Coulter [26:1 who reports that trivalent arsenic 
represents as much as 70% of total arsenic in sediments in a 
lake fed by the contaminated Waikato River. Assuming that the 
speciation of arsenic in the Waikato River is similar to that 
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of the arsenic in the drinking water consumed by the Taiwanese 
and that there are no significant genetic or dietary 
differences between the populations at risk, the incremental 
cancer risk of chronic ingestion of geothermal arsenic 
dissolved in the Waikato River would be about 1.6 x 10 -2. 
We estimate values of °g to be 2.4 and 2 for C' and F', 
respectively, and therefore 3 for R'. 

This calculated risk is surprisingly high, and we suggest 
that it should be viewed with caution. As mentioned above, 
the value for F' was taken from the USEF4 [18],  and is based 
upon a linear, no-threshold dose-response model. This, in 
fact, is almost certainly not the case, as arsenic has been 
shown to be an essential element [27,28] and mammals also have 
a detoxification mechanism of methylation [18]. Further, 
studies on humans indicate that " ... arsenic levels in water at 
concentrations of 100 ug/ 9  or less seem not to produce an 
undue body burden " [29]. Thus, we conclude that a threshold 
probably does exist for the production of skin cancer, and 
that 39 pg/2 may be below the threshold level. 

3. 0CCUP4TI0N1L HE4LTH 

Problems of occupational health that result from the 
geothermal industry have been reviewed previously [30,31]. In 
general, the more serious problems have historically been with 
exposure to toxic levels of hydrogen sulfide. More recently, 
however, attempts to abate the emission of hydrogen sulfide at 
generating units at The Geysers have resulted in exposure to 
abatement chemicals and sludges; and the incidence of 
occupational disease increased markedly in 1976, and then 
declined [30]. Rough estimates of the incidence of 
occupational illness in the US are 20 (illnesses per year per 
1000 employees) pre-abtement, and 240 in 1976 during the 
period of initial experience with abatement systems [30]. 
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DISCUSSION 

K.G. VOHRA (Chairman): You have described the main pollutants 
responsible for human exposure in geothermal fluids. Could you explain how 
workers and members of the public are exposed to hydrogen suiphide, berizene 
and arsenic as a result of the utilization of geothermal energy? 

D.W. LAYTON: Hydrogen sulphide and benzene are released to the 
atmosphere as non-condensing gases, and therefore the exposure route is by 
inhalation. Arsenic, by contrast, remains dissolved in a geothermal fluid 
(hot water), and if the spent geothermal fluid from a power plant is discharged to 
surface water used for drinking then the exposure route is by ingestion. 
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Abstract 
RISK ESTIMATES OF IMPACTS FROM EMERGING TAR-SAND TECHNOLOGIES. 

The North American continent has the largest tar-sand resources in the world with 
approximately 1.3 >( 1012 barrels of oil-equivalent in Canada and 3.6 X 1010  barrels of oil-
equivalent in the USA. Major tar-sand deposits also exist in Venezuela, Malagasy, Albania, 
Romania and the USSR. Petroleum from these deposits can significantly increase crude 
oil supplies. However, no single oil-recovery process is likely to be applicable to all tar-sand 
deposits, which differ considerably in their geophysical and chemical properties. The authors 
have estimated the risk of occurrence of significant unfavourable environmental, health and 
safety impacts associated with tar-sand technologies. These estimates were made from 
information related to typical emerging surface (above ground) and in-situ (underground) 
tar-sand oil-recovery processes. Both types of processes are being developed for use on tar-sand 
deposits in the USA and may also be applicable to deposits in other countries. First, the 
levels of pollutant emissions affecting land, air and water were determined from data related to 
current US field experiments involving surface processes (including retort and solvent 
extraction methods), and in-situ techniques (including combustion and steam-injection methods). 
Next, these data were extrapolated to determine pollutant levels expected from conceptual 
commercial facilities producing 20 000 barrels per day. These estimates predict the nature and 
magnitude of environmental, health and safety impacts. The likelihood of occurrence of these 
impacts was then assessed. Experience from other industries, including information concerning 
health and ecosystem damage from air pollutants, measurements of groundwater transport of 
organic pollutants, and the effectiveness of environmental control technologies, was used to 
make this assessment, from which it was concluded that certain adverse effects are more likely to 
occur than others. These effects are discussed in the paper and ordered for surface and in-Situ 
technologies according to their likelihood of occurrence. 

* Work performed under the auspices of the US Dept. of Energy by the Lawrence Livermore 
National Laboratory under Contract W-7405-eng-48. Reference 10 a company or product name 
does not imply approval or recommendation of the product by the University of California or the 
US Dept. of Energy to the exclusion of others that may be suitable. 
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TABLE I. MAJOR WORLD-WIDE TAR-SAND DEPOSITS 

Country Estimated barrels Reference 
of 	oil 	equivalent 

Canada 1.3 	x 	1012 [2,5] 
V enezue l a a 7.0 	x 	10 1 ' [1,2,6] 
USSR 1.4 	x 	1011 [7] 
USAb 3.0 x 	JO'' [] 
Malagasy 2.0 	x 	IO [7] 

a Heavy-oil reservoirs may be included in this estimate. 
h 1981 revised estimate according to US Department of Energy 

Office of Fossil Energy is 3.6 x 10" bbls of oil equivalent. 

1. TAR SAND: DEFJNITION, PROPERTIES AND LOCATION 

Tar sands are deposits of consolidated or unconsolidated 
clastic sediments (e.g. sandstone, limestone, diatomite) that 
have pore spaces partially or completely saturated with a 
heavy, viscous petroleum known as bitumen. Like heavy-oil, 
tar-sand bitumen is a member of the petroleum family of 
organic substances that cannot be economically recovered by 
the relatively simple techniques used for extractinq typical 
light-crude oil. 

Specific characteristics frequently used to classify and 
identify tar-sand bitumen are (1) an API Gravity (a scale 
devised by the American Petroleum Institute to measure the 
density of petroleum) generally < 12 °  [1-4], and (2) a 

viscosity of lO to 106  centipoise (cP) [1-4]. 	In 
addition, tar-sand bitumen is generally soluble in strong 
solvent members of the petroleum family (e.g. benzene and 
toluene), and the viscosity decreases with increasing 
temperature. 

Substantial tar-sand resources are located in Canada, 
Venezuela, the Soviet Union, Malaqasy and the United States 
as illustrated in Table I. Other major tar-sand deposits may 
be found in Albania, Trinidad, and Rumania [7]. 

In the United States, Utah is believed to have over 80% of 
the domestic tar-sand resource. Other states containing 
tar-sand deposits with over 1 million barrels of oil are 
California, Kentucky, New Mexico and Texas [8].  Smaller 
deposits are located in Alabama, Kansas, Missouri and 
Ohio [1].  The geophysical and chemical properties of these tar 
sands differ considerably, and no single extraction process is 
likely to be applicable to all deposits [1,2,9]. 
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TABLE II. PROPOSED COMMERCIAL DEVELOPMENT OF TAR-SAND 
RESOURCES IN THE USA BY 1990 [101 

Proposed 	Estimated 
extraction production 

Company 	 procedure 	capacity 	Location 
(bb /d 

Getty Oil Company 	Surface 	20 000 	F'lcKittrick, CA 

Standard Oil 
of Ohio 	 Surface 	25 000 	Vernal, LI 

Conoco Oil Company 	In situ 	25 000 	livalde, TX 

EMERGING TAR-SAND TECHNOLOGIES IN THE UNITED STATES 

Surface (above ground) and in situ (underground) tar-sand 
technologies are now being evaliitdTn the United States for 
commercial application. The surface extraction processes being 
field-tested involve surface-nining the tar-sand ore and then 
extracting the oil from the ore by above-ground retorting or 
solvent systems. The in situ systems being developed are 
combustion and steam-injection procedures. Extraction 
processes may need to be followed by upgrading procedures to 
make the crude petroleum an acceptable refinery feedstock. 

2.1. Commercialization 

Although no commercial tar-sand oil-extraction facilities 
exist in the United States at this time, both in situ and 
surface tar-sand technologies are perceived to be candidates 
for commercialization. Table II indicates plans for commercial 
development that have already been announced by Getty Oil 
Company, Standard Oil Company of Ohio, and Conoco Oil Company. 
Smaller-scale commercial development is being considered by 
other companies. A reasonable estimate of tar-sand oil 
production in the US by 1990 would be 80 000 to 120 000 barrels 
of oil per day (bbl/d). 

RISK ESTIMATES 

We extrapolated data from Current US field experiments to 
estimate the levels of pollutant emissions from conceptual 
20 000 bbl/d surface retort and solvent operations and in situ 
combustion and steam-injection systems. These estimates were 
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TABLE Ill. LIKELIHOOD OF OCCURRENCE OF EFFECTS FROM THE 
OPERATION OF COMMERCIAL TAR-SAND OiL-RECOVERY PROCEDURES 

Possible effects 

Effect according 

urf ace 
extraction 

to process 
In situ 

recovery 

Airborne effluents: 
Public health 2 2 

Ecosystems 2 2 

Surface-water contamination: 
Public health 
Ecosystems 1 

Ground-water contamination: 
Public health 2 2 

Land subsidence NA 2 

Induced seismicity NA 

Land-surface contamination: 
Public health 2 
Ecosystems 2 

Worker health 3 2 

Key: 3 - Effect likely to occur based upon experience in 
other industries. 

2 - Effect may occur but will be localized and/Or 
control 1 able. 

- Effect possible but unlikely to occur. 

NA - Not applicable. 

then used to predict the nature and magnitude of the potential 
environmental, health and safety impacts. The likelihood-of-
occurrence of the impacts was then assessed based on experience 
from other energy industries involving health and ecosystem 
damage from air pollutants, measurements of ground-water 
transport of organic pollutants, and the effectiveness of 
environmental control technologies. The possible effects and 
the subjectively determined values indicating their 
likelihood-of-occurrence are presented in Table III. 
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Uncertainties associated with the subjectively determined 
numerical values introduced in Table III are related to (1) the 
early stage of development of tar-sand technologies in the US; 

the efficacy of changes in process design vs "retrofits" 
for achieving environmental, public and occupational safety; 

the preparedness of commercial tar-sand facilities to 
mitigate effectively hazards unique to the technology; and 

the influence of regulatory and economic factors. 

3.1,.Atrrospheric effects 

Controlled emissions of nitrogen dioxide (NO2) sulfur 
dioxide (SO2), carbon monoxide (CC), hydrocarbons (HC), and 
total suspended particulates (TSP) from 20 000-bbl/d retort or 
solvent processes are not expected to exceed US National 
Ambient Air Quality Standards (NAAQS) designed to protect 
public health. However, SO2 and TSP emissions may cause US 
'Prevention of Significant Deterioration' increments to be 
exceeded in those regions already meeting N1\AQS. 

Estimates of uncontrolled emissions of several pollutants 
from conceptual 20 000-bbl/d in situ combustion and steam-
injection processes revealed that a few are likely to exceed US 
legislated and recommended air-pollutant standards. Therefore 
in situ systems are certain to require air-pollution-control 
devices and strategies. Our calculations also indicate that, 
at least for in situ combustion systems, current air-pol lution-
control technologies may not be effective in reducing H2S 
emissions to acceptable levels. 

An estimate of the magnitude of the public-health impacts 
attributable to air pollution from commercial tar-sand 
facflities was obtained using a health-damaqe function derived 
for S2  emissions from coal-fired power plants [11].  The 
model from which the health-damage function for- SO2 emissions 
was derived assumes Gaussian plume dispersion, first-order 
kinetics of chemical reactions, a linear dose-response 
function, and a population of about 3 x 106  people within 
80 km of an eastern power plant [12]. The calculated damage 
function is 0 to 120 premature deaths per year of operation 
(80% confidence interval), or 0 to 0.8 premature deaths per 
1000 ton (short) of SO?  emitted  [11].  We have used the 
latter relationship to calculate premature deaths from the 
release of SO2  from tar-sand production technologies by using 
estimated populations of 300 000 people within 80 km of 
McKittrick, California, and 30 000 people near the tar-sand 
deposits in Utah. These two situations are representative of 
projected sites for tar-sand facilities that will use surface 
and in situ processes, respectively. The results are shown in 
Table IVT 
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TABLE IV. ESTIMATED PREMATURE DEATHS WITHIN 80 km OF TAR-SAND 
TECHNOLOGIES FROM ATMOSPHERIC EMISSIONS OF SO 2  

Estimated number of premature deaths 
Process 	 plant-year 

Surface retort s ystema 	 0 to 
Surface sovent sys tefn à 	 0 to O,O6 
In situ steam-injection p roc e d u reu 	()to 0003b 

TF situ combustion procedure 	 Insufficient data 

a Location at McKittrick, California. 
b Assumes 97% control of 502 emissions. 
C Assumes no control of SO2 emissions other than the use 

of low-sulfur fuel. 
d ocation near Vernal, Utah. 

Atmospheric pollutants from tar-sand facilities can also 
cause adverse ecoloqical impacts. A simple linear relationship 
has been developed to describe the growth response of 
vegetation after exposure to concentrations of SO2 above the 
tolerance threshold [13]. This relationship was employed to 
estimate the magnitude of the effect upon vegetation by 502 
emissions released from tar-sand projects. The result for 
surface technologies was a yield reduction of approximately 
20%. The concentration of 502 resulting from release from a 
commercial in situ steam-injection process was estimated to be 
lower than the threshold necessary to impact adversely the 
growth response of vegetation. We were unable to estimate the 
effect on vegetation of S02 released from in situ combustion 
systems because of insufficient data on 502  eiTion rates. 

The estimates of irrpact on yield are preliminary and 
indicate the potential growth-response of vegetation in the 
vicinity of the tar-sand operation. We expect that any adverse 
impacts that do occur will be localized and the application of 
control technologies will reduce these impacts to minimum 
levels. 

3.2. Surface-water contamination 

Adverse impacts on public health and ecosystems from direct 
contamination of surface water are probably unlikely to occur 
from the operation of commercial surface and in situ systems. 
This is because the fluids will generally be physically 
contained in either vesseis and pipelines or the formation 
itself. It is expected that practices already commonplace in 
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the chemical industry will effectively reduce the likelihood of 
major spills and leaks, and prevent any that do occur from 
reaching surface waters. These practices include monitoring, 
maintenance, and spill-prevention programs. However, the risk 
of surface-water contamination will increase substantially if 
planned recycling, injection, and underground disposal 
procedures are not feasible. 

3.3. Ground-water contamination 

Surface processes can cause ground-water contamination from 
the leaching of substances contained in tar-sand storage piles, 
spent-ore storage piles, and in the operating and backfilled 
mine areas. Product waters that were analyzed from in situ 
combustion and steam-injection field tests contained 
significant concentrations of metals, nutrients and organic 
compounds [14]. This indicates that adverse ground-water-
quality impacts could develop, and emphasizes the need for 
developers to monitor and model the transport of such 
pollutants at specific sites. For instance, monitoring studies 
have demonstrated that following undergound coal-gasification, 
vapor-transported organic materials were conducted to ground 
water 250 ft (76 in) away from the combustion zone [ 1 5]. 
However, the slow movement of ground water, combined with 
attenuation of pollutants by soil, means that effects may occur 
but will be localized and/or controllable. 

3.4. Land subsidence and induced seismicity 

Land subsidence and induced seismicity are two potential 
effects associated exclusively with in situ operations. 

The impact of any subsidence procEy commercial inEitu 
tar-sand operations will depend on the land use surrounding the 
site. For the most part, subsidence represents a localized 
effect that can be controlled effectively by proper 
site-selection and operating practices. 

Seismicity can result from the high-pressure injection of 
fluids and resulting lubrication of fault planes in a tar-sand 
formation. It is also conceivable that thermal stresses in the 
formation may cause seismic events. Unless unusual conditions 
exist in the formation, the potential environmental effects 
from induced seismicity should be insignificant. 

3.5. Land-surface contamination 

Land-surface contamination is more likely to be a major 
problem from surface systems due to the amount of area needed 
for mining and operating a retort or solvent process. The 
release of hazardous substances onto the ground from surface 
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extraction processes should, however, be minimized by 
mitigating measures such as spill-prevention programs, 
monitoring procedures, and rraintenance. Careful reclamation 
and restoration of the mine area will reduce the impacts 
associated with mining activities. 

The possibility of land contamination from in situ 
processes is generally related to leaks or accide&Eilspills 
from storage vessels and pipes. However drilling and pumping 
activities may also contribute to the problem. The impacts 
from these sources can be controlled using current oil-field 
procedures andwhile possible, are unikely to occur. 

3.6. Worker health 

The risk of morbidity and injury to workers operating 
commercial surface or in situ tar-sand processes could be 
significant. InformatTn from other industries such as oil 
refineries, foreign shale-oil production, coking, and coal 
conversion indicates that exposure of workers to chemical 
compounds similar to those expected from tar-sand oil 
extraction can lead to toxic, niutagenic or carcinogenic 
effects. 

4 preliminary estimate of the cancer risk for workers at a 
tar-sand facility was computed using carcinogenic risk 
estimates for coke and oil-refinery workers [16]. The maximum 
risk of excess cancer-deaths per plant-year for tar-sand 
technologies based on this calculation is approximately 0.03. 
This is probably a very conservative figure as the exposure in 
a modern tar-sand facility will probably be much lower than 
past exposure in the reference industries because of the 
availability and increasing use of protective devices (e.g. 
respirators and protective clothing). 

.According to Dr. G. Neeson of Syncrude, Inc., I\lberta, 
Canada, their studies to evaluate the carcinogenicity of 
products have led to the institution of precautionary 
protective measures to protect the health and safety of the 
workers from possible carcinogenic substances. Other problems 
detected at the tar-sand facility in Canada involved exposure 
of workers to an H2S concentration of 1 ppm and to the odor 
of niercaptan compounds. Efforts are also underway to reduce 
potential occupational health impacts related to these 
emissions. The nominal similarities of several properties of 
bitumen from Canada and Utah [17] suggest that problems similar 
to those detected by Syncrude could develop at a surface 
tar-sand facility in the US. 

\dditiona1 occupational health risks may result from 
repeated long-term exposures to subacute concentrations of 
toxic chemicals. For instance, hydrogen sulfide (H2S), 
identfied as an emission from in situ combustion field tests, 
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was implicated as the chemical responsible for chronic 
poisoning of workers in the Swedish shale-oil industry during 
the 1940s [181. This chronic poisoning produced symptoms such 
as mental depression, weakness, sweating and frequent chills. 
Futherrnore, some residents of communities near units of The 
Geysers Geothermal Power Plant in California have appeared at 
hearings of the California Public Utilities Commission and 
complained of headache, nausea and sinus congestion that were 
attributed to the presence of H2S (in concentrations probably 
as low as 0.1 ppnlv) [19]. 

Worker health problems are more likely to occur at US 
surface extraction facilities than at in situ projects. This 
HTference arTes because surface extr_a_ction 	not 
only will produce products that may represent occupational 
hazards, but1so will require the use of reagents that may 
jeopardize workers health and safety. Environmental control 
measures routinely used for heavy-oil extraction would most 
likely be effective for in situ tar-sand procedures because the 
methodologies are similar. 

4. RECOMMENDATIONS AND CONCLUSIONS 

Tar-sand petroleum-extraction technologies are in an early 
stage of development in the United States. Until more data are 
collected and carefully analyzed, we recommend that development 
of tar-sand technologies proceed toward commercialization with 
caution. An institutional commitment for strong safety 
programs is also needed. While no facility or project can be 
made completely free from hazard, we believe that a tar-sand 
industry can be made a reasonably safe place to work, and 
environmentally acceptable. 

From our assessment of risk estimates for tar-sand 
technologies (see Table lIT) we draw the following conclusions: 

• Surface Extraction Technologies 
- Occupational health problems, including those related 

to worker exposure to carcinogenic and other hazardous 
substances, are likely to occur. 

- Public health and/or ecosystem effects from airborne 
effllients, ground-water contamination and land-surface 
contamination may occur but will be localized and/or 
controllable. 

- Public health and/or ecosystem effects from surface-
water contamination are possible, but unlikely to 
occur. 

- Land subsidence and induced seismic effects are not 
applible to surface extraction techhiques. 



604 	 DANIELSetaI. 

• In Situ Processes 
-UETipational health problems, including those related 

to worker exposure to carcinogenic and other hazardous 
substances, may occur but will be localized and/or 
controllable. 

- Public health effects from airborne effluents, 
(particularly SO2 and H2S) and ground-water 
contamination may occur but will be localized and/or 
controllable. 

- Ecosystem effects from airborne effluents and land 
subsidence may occur but will be localized and/or 
controllable. 

- Public health and/or ecosystem effects from 
surface-water contamination and land-surface 
contamination are possible, but unlikely to occur. 

- Induced seismic effects are possible, but unlikely 
töoccur. 

Early consideration of these potential problems is essential to 
the environmentally acceptable development of tar-sand 
technologies. 
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DISCUSSiON 

J. DELFINER: Worker health effect was rated as being the most significant 
one because of the probable use of additional reagents in the future. What are those 
additional reagents? 

II. DANIELS: For surface solvent systems and hot water processes it is not 
absolutely certain what the solvents will be, but likely candidates are benzenc. 
toluene and mixed petroleum compounds. Retort processes will produce organic 
compounds and reduced sulphur compounds that may be toxic to humans. 
In addition, the technology is unproven for US bitumen at present, and precise 
knowledge concerning reagents is not available. 
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Abstract—Résume 

REVIEW OF COMPARATIVE STUDIES OF HEALTH HAZARDS ASSOCIATED WITH 
ELECTRIC POWER GENERATION. 

Twenty comparative studies on health hazards associated with different methods of energy 
production were reviewed in order to highlight the methodological problems which are 
characteristic of this type of study and attempt to bring the results obtained closer together 
by using a more consistent methodological approach. The main conceptual difficulties lie in 
the delineation of the boundaries of a fuel cycle, the choice of technologies, dose-effect relation-
ships and health hazard estimates, and in finding equivalent values in the case of real and 
hypothetical risks and of present and future risks. Practical limitations in predicting the number 
and gravity of illnesses and accidents both in workers and the population were also reviewed. 
The health effects associated with the coal, oil, natural gas and uranium cycles were estimated 
with the following assumptions: exclusion of risks associated with non-fuel resources, use of 
advanced technologies, use of linear non-thseshold dose-effect relationships, exclusion of hypo. 
thetial accidents and exclusion or discounting to present worth of long-term risks (>500 years). 
It can be concluded from these calculations that the health hazards from all the energy sources 
considered are relatively low and therefore acceptable, natural gas being the safest source 
followed by uranium, oil and coal in that order. The uncertainty factors are discussed and 
methods to improve the results are proposed. It is also shown that the radiological risks to 
workers in the PHWR cycle are approximately half those of the LWR cycle. 

ANALYSE CRITIQUE DES ETUDES COMPARATIVES SUR LES RISQUES SANITAIRES 
ASSOCIES A LA PRODUCTION D'ELECTRICITE. 

Vingt etudes comparatives sur les risques sanitaires associés aux différents modes de 
production dénergie ont été analysées dans le but de mettre en evidence let problètnes métho-
dologiques caractéristiques de cc genre d'Ctudes 05 pour essayer de diminuer les divergences 
entre let résultats trouvés, en utilisant une approche systématique plus cohérente. Lee principales 
difficultés conceptuelles se rapportent a Ia determination des frontières d'une chaine énergCtique, 
au choix des technologies, des relations doses-effets et des indices sanitaires, et a l'équivalence 
entre risques reds et hypothétiques el entre risques presents et futurs. Let limitations pratiques 
dans la prevision du nombre et de Ia gravité des maladies et des accidents, autant chez les 
travailleurs quo pour Ia population, ont egalement etC passées en revue. Des estimations sur 
let effets sanitaires associés aux chaInes du charbon, du fuel, du gaz naturel et de l'uranium mit 
etC effectuées, basées sur los hypotheses suivantes: exclusion des risques associds aux ressources 
non Cnergétiques, uttlisation de technologies nouvelles, adoption de relations doses-effets 
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linéaires sans scull, exclusion des accidents hypothéllques et exclusion ou actualisaticn des 

risques a long terme (>500 ans). D'après ces estimations, on peut conclure que les risques 

sanitaires de toutes les sources d'énergie considérées sont relativement faibles ci par consequent 

acceptables, et que l'ordre croissant de sCcurité va du charbon au pCtrole, a l'uranium Ct au gaz 

naturel. Lea incertitudes qui subsistent sont discutCes et l'on propose des moyens pour affiner 

lea résultats obtenus. On montre Cgalement que les risques radiologiques chez les travailleurs 

dans Ia chaIne PHWR sont environ de muitié infCrieurs a ceux de Ia chaine LWR. 

1. 	flITflDDUCTION 

Ii senbie dvident que les socitds les plus avancdes indus-
triellerrent s inquidtent de plus en plus des consequences po-
tentiellerrent nuisibles ddcoulant des technologies qu' elles ont 
ddveloppêes. Etudes, debats et rdgleirentations s' dtendent 
niaintenant a des secteurs aussi divers que P alimentation, le 
transport, 1' habitation, 1 'iridustrie chimicue et la production 
'dnergie. Si l'on s' accorde a reconnaitre que les principaux 

hienfaits tIe la techrlogie rroderne sont la liberation de 
1'honTne tie ses soucis de base, 1 'augnntation de sa longevite 
et 1 'augmentation de son standard de vie, on craint cependant, 
a divers degrds, la degradation tIe 1 'environnerrent, des me-
naces sourrioises A la sante et, en général, la diminution 
possible de la qualité cIa vie qut sera ldguée A nos descendants. 

C'est clans ce três vaste cadre que s'inscrivent las 
etudes sur les risqs sanitaires associds aux différents nDdes 
de production d'énergie. Ces etudes visent deux objectifs 
fondanTentaux: 1' identification des activités ncicxassitant des 

rrasures corroctives et la classification des sources dnergd-
tiques selon leur degrd cIa siketé. L'dtude comparative des 
risques est cependant delicate car tie norrbreux problnas ntho-
dologiques cbivent d' abord être surrrontds. Deux analyses 
critiques indépendantes [1,21 ont rdceimnt mis en evidence ties 
écarts ansidérables entre las valeurs trouvdes clans la littd-
rature et ont insistd sur Ia nécessitd ti' une approche systé-
rriique plus cohCrente. 

Dans le cadre tie nos travaux, vingt etudes comparatives 
[3-22] ont été analysées. Las sources dnergdtiques oDnsid€r€es 
ont été le charbon, le fuel, le gaz naturel at 1 'uranium. Las 
chaines énergdtiques ont été exarmtindes clans leur totalité, 
depuis 1 'extraction du coirbus tibia jusqu' au traitennt des 
déchets. Les effets sanitaiies ont été grous en neuf catd-
gories: iraladies profess ionnelles (ncrtelles et non nortelles ), 
accidents tie travail (blessures irtel1es at non nortelles), 
quatre categories similaires pour la population en gdnéral et 
les effets gdnétiques. Ces indicateurs tic risques ont étd 
erisuite rorrnalisds par rapport a la production ti' une dnergie 
électrique dgale a 1 Gigawatt. annde. 
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La cornpilat ion ddtalilde des rdsultats nurrriques re- 
censés a dté rdsure ailleurs [231. L' essentiel de cette coniiiuni-
cation çortera sur les difficultds conceptuefles et sur la nd-
cessitd Tune approthe cohdrente. On rrontrera, en particulier, 
que si l'on utilise des hypothses de travail raisonnables, les 
écarts entre les valeurs extrêres trouvdes dans la littdrature 
diminuent considdrablent. On indiquera égalenerit qilques 
domaines controversds gui ndcessitent plus d' §tudes et de ré-
flexion. Finalenent, une cparaison entre les chaines UR et 
PHWR sera atorcée. 

DIFFICULTS COPrUES 

Certains auteurs, dent Hoidren et al. 24], ont déjà 
discutd des difficultds rencontrdes dens l'analyse conparative 
des risques. A partir de ces étodes et do notre propre analyse, 
nous rdsunons ici oas difficultds et indiquons les hyxjthàses 
de travail que nous avons retenues sour faire nos propres es-
tirnations. 

2.1  La probl~-kw des frontières 

La determination des frontières d' une chaine dnergdtique 
prdsente un double choix: 1 'inclusion ou 1 'exclusion des 
risques associds a la production et a 1' utilisation de rnatdr±aux 
non scifiquennt associés A la chalne, et l'inclusion ou 
1 'exclusion des phases construction et ddrrentèlenent des ins-
tallations ajartenant a la chaine. 

La cxniptabilisation de thus les risques çernet, en 
princiçe, do determiner le risque total mais, en pratique, elle 
ne paut se faire ql.1' a I • aide de nodales dcoriniques du type 
entrées-sorties assez gross iers; Ia cornptabilisation des risques 
scifiques & la chamne ne donne que des risques partiels rnais 
cette approche est beaucoup plus sinpie et plus precise. Coirn 
il serrble que pur les sources énergdtiques non-reroLtvelables, 
les risques "non-&iergétiques" sent effectivenent ndgligeables 
par rappart aux risques "énergdtiques' - ou tout au noins pau 
différents entre eux d' one chamne a I 'autre - nous favorisons 
I 'approche "risques sped fiques". 

2.2 Le thoix entre diverses techrologies 

Las progrès tochnologiques et la sdvdrité accrue des ré-
glernantations ont contribné rendre les nouvelles installations 
plus sdcuritaires sour le public et les conditions de travail 
ilDinS dangereuses çour les travailleurs. La problarre reside 
clans le choix entre Un systèrre de production d' electricité base 
sur les installations actuelles et un systire de réfdrence base 
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sur la techrD1ogie la plus avancde. Dana le premier can on 
calcule un risql noyen, reflet de la situation actille; dons 
le deuxim cas, on determine le risquo nErginal associd a Un 
d6ve1opparrEnt dnergdtiquo ult&ieur. Nous favorisoris le 
deuxiène dioix. 

2.3Choix entre diE frentes relations doss-effts 

Qu'il s'agisse des effets des radiations ou des of fets 
des substances chimiques, los effets faible dose d 'expesition 
et, en perticulier, 1 'existence ou la non-existence d 1  un scull 
do tol&ance restent hypethdtiquos. Tent quo le prublèite no 
sera pas rsolu, nous prdfdrons utiliser Ia rrue approche dens 
les deux can, soit l'utilisation d'urie relation lindaire doses-
effets, sans seuil. 

2.4 Equivalence entre risques reels et risquos hypthtiquos 

La difficultA consiste a ddcider si la dCfinition 
habituelle du risquo - produit do la frdquence d' un evenenent 
par ls consequences de celui-ci s' dtend juscju' aux limites 
extrêrreirent faibles (-lO par annde) que l'on rencontre dens 
1 'analyse des accidents hypothétiques pouvant entralner des 
consequences catastro}thic4ues. 

Selon quo l'on dispose ou non de donndes statistiques 
directes pour identifier ces dvénenents rares et evaluor leurs 
risques, ii corivient do classer les accidents en reels ou hypo-
thdtiques. fl est suggCré ici do oDnsidérer les risques des 
accidents hypth€tiquos dens une catrie sdparde, non ad-
cessairenent additive avec les autres categories do risques. 
Ti2ois raisons militent en favour d une telle approche: 1 in-
cerUttio associde a Ia grandeur do ces risques, le rrenque do 
cthdrence a ce sujet dexis les dtudes coiarativos et Ia per-
ception plus aic jud do ces risques par le public. On pourrait 
ajoater cepondant que la plupart des auteurs estiirent quo los 
risques associds aux accidents hyFothétiques sont plus faibles 
quo ceux associes aux accidents reels qui, eux, sont plus 
faibles que ceux qul rdsultent du fonctionnenent normal. 

2.5 Eqivalence entre risques actuels et riscs futurs 

Dens ce cas, ii s' agit de decider Si los risquos ldguds 
aux générations futures sont do u€.ire nature quo ceux gui 
affectent notre génération et si ces risques sont additifs. 
Cette difficulté provient du felt que les thames énergétiques 
produisent ou librent des substances toxiquos et radioactivos 
qui, a cause do leu.r tres longue durde do vie, peuvent affecter 
des milliers do gdnCrations. 
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zie si lTon a&tt io1oi-itiers quo du point do v 	thiquo, 
la vieur d' une vie ne vane pas d' une gn&ation Zi 1 'autre, 
nous nous rangris dii o5t6 do ceux qui esti3rent que tour les 
nisquos associs a des produits trs faibleirent coricentrs dons 
Ia biosre, l'horizon tesre1 do rice respansabilitds envers 
les g&rations futures ne devra±t pas dpasser qi.Elquos dizains 
do gêrirations, parce que ces respansabiliths no sont pas 1111-
mit6es, parce gue 1s risques individnels en question sont ex-
trrrerrent faibles, et parce quo 1  addition d 'effets inclividuols 
infinitdsimaux sur des nilliards d' individus et sur des millions 
d' anndes prdsente un caractère extrdnrent artificial. En 
pratique cette approche consiste a ignorer ou Si actualiser, 
un taux do quelquos paur-cent, los risquos ddpassant 1 'horizon 
tençorel do 1' ordre do 500 ans. 

2.6 Choix des indices sanitaires 

Comm indices sanitaires, nous avons retenu les sept catd-
gories indiqudes clans 1' ntrodustion. Les maladies et les 
blessures peuverit a leur tour être classées solon leur gravité, 
en sa basant par exeip1e sur le no!rbre de journdes do travail 
(ou do vie nonr1ale) perdues. Certains auteurs utilisent ce 
concept paur adr3itionnor tous les effets sornatiquos, y conpris 
Ia trort; dans ce dernier cas, on dvalue Ia cUffrence do tenips 
entre 1' esp&ance do vie de la personne ddcddde at 1 'age do cotta 
personine au nrent do sa nørt. Malgr6 1' attrait d' une nthode 
qul peruettrait d exprirrer 1 'enserrble des risques sanitaires 
par un seul inaice [25], nous ne 1 'avoris pas adoptcle a cause du 
délicat prc±1rr cV equivalence entre effets differents - Par 
centre, 1' addition d' une nouvelle catégorie d' effets sani taires 
i a.nxidté tntale - pourrait s 'avdrer utile clans 1 'avenir. 

3. 	LIMITATIONS LYN5 hi PRECISION DES ANALYsEs DE RISQUES 

Los risques sanitairos provenant des inaladies sont di f-
ficiles a estirrer avec precision; clans certains cas los incer-
titudos sont t011enEnt dlevdes quo certains auteurs hCsiterit 

les quantifier. Pour les travailleurs, ii sagit do 
prdvoir los consequences dos arréliorations des conditions do 
travail. Pour la pDpulaton en géndral, ii s'agit essentiel-
lerrent du mnque do prdcision clans les mxlles do dispersion 
des produits nocifs clans la biosire et do la nconnaissance 
do la g&io-toxicitC des diclirents chimics libérCs he long des 
chamnes dnergdtiquos. 

Los risques sanitaires associ€s aux accidents sont mieux 
connus et les incertitudes sont rroins grandes. Los limitations 
qui sisistent sont essentiellerrent duos aux causes suivantes 

(a) le rrarrue do donndes statistiques spécifiques prCcises, 
par exerple sur les accidents do trans part du charbon; 
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la grande disporsion dans los donndes statisticjues, pour 
une activité donrie, Zi l'intdrieur d'un pays ou d'un pays 

l'autre; 
la difficulté d' extrapoler a partir des tendances histo- 
riques; 
la non-u nifonnité dans la conptabilisation des blessures 
légres. 

4. 	RISQUES PRVENANT DES MJJDIES 

4.1 chaine du charbon 

Pour la chaIne du charbon, los risques proviennent, pour 
los travailleurs, de P tape extraction, et pour la population, 
do 1' Etape prcwiuction d' diectricité. Dens le premier cas ii 
s 'agit de la pneuntconiose et do Ia silicose des mineurs; dens 
lo deuxi7-,m cas, des affections pulmonaires provenant essentiel-
1ennt des produits sulfates. 

Mortalit6s chez les travailleurs 

Los estirtatioris recensdes varient entre 0 et 8.7 [Jo] 
nDrtalites par Gigawatt. annde. Ii nous a serrbld que 1' étude do 
la plus ethaustivo était cello do ?brris et al. [18]; en se 
basant sur leurs estimations, nous avons pris comne valeur 
rrddiane 0.1 avec un facteur do dispersion do 5, soit, en no-
tation condensée, 0.1 (5). 

MorbiditjGs chez les travailleurs 

Los estimations recensdes varient entre 0.55 [6] et 64 
[14]; nous ai.ns choisi une valeur re1ativennt optimiste: 1.5 
(2). 

1brtalit6s dens la population 

Corwre on pout l'observer dons le tableau I, les valeurs 
varient de 0 a 405; los quelques points dT interrogations in-
diquent le refus des auteurs a faire des predictions. En so 
fiant do nouveau sur l'analyse do Morris et al. [18] l'inter-
voile est rdduit a 0-13 pour los effets des sulfates; a cot 
intervalle, ii faut ajouter les effets des substances aromatiques 
po1yc1iques, estins do 0 a 5.3. LOs rii11eures estiirations 
serrblent so situer autour Ce 3 si lion  utilise des rtDdêles 
lindaires et autcur Ce 0.2 pour des ntdles A seuil. Notre es-
tinotion est do 3 (10). 

(C) Morbiditds dens la population 

Los cas do rrorbidités so réfrent aux maladies respira-
toires chronigues choz les adultes, aux maladies respiratoires 
an niveau inférieur chez les enfants, Zi 1' aggravation des 
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TABLEAU I. NONBRE ANNUEL DE LES, BANS LA POPULATION, !XJS AU 	LDTES 
ASScCIES A LA PPODIXTION DE 1 Ga D'ENEF0IE ELECTRIQUE, CHAINE DU 
CBARBON 

EtaC 

Auteur Conversion 
TraiteTrnt 

des d chetsa Total 

WASH-1224 13] 7 - ? 

Hamilton 	4] 4-133 7-13.3 4(?)-146.3 

Smith et al. r6 0.2-36 0-13.0 0.2-49 

Coinar et Sagan [7 0.076-133 1.3-13.3 1.38-146.3 

Sbrris [10] 0-320 - 0-320 

Inhaber 	12] 0.1-140 1.4-14 1.5-154 

I.E.A. 	[13] 1.23-3.67 - 1.23-3.67 

A.M.A. 	[14] 0.076-392 1.3-13.3 1.5-405.3 

U.K. 	l5 ? ? 

Rainsay t16 0-32 - 0-32 

Schurr ot al. [17] 0-10.7 - 0-10.7 

?brris et al. '181 0-18.6 - 0-18.6 

Inhaber 	191 32-95 1.4-14 33.4-109 

l3elhoste at al. [20] 0.34 - 0.34 

CONAKS [211 - 7 

Hamilton p22' 9 - 9 

a Ddchets provenant de 1'6tape preparation. 
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syTnptôrtes carc1io-pu1ninaires chez les gens âgds et au rxtre 
d' attaques d' asthi. Los estimations des diff&ents auteurs 
varient do 59 120 	570,000 [19]. Notre estimation est do 10 3  
(20) 

4.2 Chaine dii fuel 

Los risqis sanita.ires associds a Ia chatne dii fuel sont 
pratiquemant inexistants pour les travailleurs et similaires 
ceux do la chamne du charbon ur la copulation. 

4.3 Chaine du gaz naturel 

On a estirré quo les risques du gaz naturel sont ndgligeables 
pour toutes les catgories d indices sanitaires cons iddrdos. 

4.4 Chamne do l'uranuum 

Les effets sanitaires associds a la chaine do 1 r  iniurn 
sont essentiellemant do nature radiologique. Les risques cal-
culds ont uric bDnne prdcision; les dcarts entre les valeurs 
txouvdes proviennent en parie do la pente choisie pour repr-
senter la relation doses-effets, en partie do la technologie 
choisie pour réduire len doses d' exposition et en pax±ie de Ia 
néthoe utilisde pour calculer les engagemants de doses. 

&rtalitds chez les travailleurs 

La piage des valeurs trouvdes se situe entre 0.02 [14J et 
0.81 [19]. Si l'on excluo les valeurs exlthios, qui re o3rres--
pondent plus a nos connaissances d' aujourd' hui, on arrive rapi-
derrent a Ia conclusion que le risque radiologique se situe 
autour do 0.20 rrortalitds par Gigawatt.annde, avec un facteur de 
dispersion autour do 1.50, soit 0.20 (1.5). 

Ibrbiditds chez les travailleurs 

Aux maladies d' origine radiologique, ii faut ajouter los 
cas de silicose thez les rnineurs. Notre mailleure estimation 
est do 0.60 (1.5). 

brta1it6s dans Ia population en gdndral 

Los estinés recensds varient entre un total de 0.001 [6] et 
do 0.53 [19]. Los estirts les plus dlevdes conprennent dos 
valeurs pessimistes sur la contribution des ddchets radioactifs 
et une contribution rcn-ndgligethle du radon ddgagd des terrils 
d' uranium. Une analyse detailige des valeurs trouvées itontre 
que los risques do rtortalité se situont dans 1' intervafle 10 

10 par Gigawatt.annde si l'on néglige la contribution cia 
1 'dtape de retraiteiint dii coirbustible et 1 engagemant do dose 
dfl au radon. Le retraiterrent ranfrie les valeurs dons l'inter- 
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TABLEAU II. COMPAPAISON ENTPE LES EFFETS SANITAIPES ASSCCIES AUX IDIFFERENTES 
CHAINESNERG(r1Q3Fs. PSULTATS NoRmLJSES A LA PRDDUCTION DE 1 C• a D ERGIE 

LErTRIçUE (ACCIDENES EXCLUS). MEILLEURES ESTIMATIC4cS EEl FACTEUI 
D INGERfI'fl.JUES. 

Travailleurs 	 Population 	 Total 

Coalne 	 n5c,So 	Maladies 	D6C6-S 	Maladies 	Déoès 	Maladies 

charixri 

Fuel 

Gaz naturel 

Uranium 

	

0.1(5) 	1.5(2) 

	

0.2(1.5) 	0.6(1.5) 

3(10) 10(20) 

3(10) 10(2C) 

0.2(2.0) 0.2(2.0) 

3(10) 	iü (20) 

3(10) 	10(20) 

0.4 (1.5) 	0.8(1.5) 

valle 10_ 2  a 10 1,  taridis que la contribution du radon dpend 
fortenEnt du taux d' actualisation utilisé. Notre choix est de 
0.2 (2.0). 

Morbidit6s dans la ppu.lation 

Nous avons choisi la n'êma valeur de 0.2 (2.0) ce qui est, 
dans l'enseithle, plutt pessimiste. 

Effets g&idtiques 

re noritreuses etudes ont été faites pour determiner les 
effets gdndtiques graves. Certaines de ces etudes ne consi-
dèrent que la partie significative du paint de vue géndtique 
des cbses de radiation reçues. Etant donné les incertitudes sur 
la relation doses-effets, nous avons cons iddrd, en preniire 
approximation, que ces effets dtaient nuifriqiierrent dgaux a ceux 
des cas antérieurs. 

4.5 Sonuiaire 

Le tableau II contient nos ireilleures estiirabions sur le 
nontre de c16cs prérnaturés et sur le nontre de maladies associées 
au fonctionnerrerit d' une centrale electrique produi.s ant une 
dnergie de 1 Gigawatt.année. Les facteurs de dispersion ont été 
ajoutds entre paranthses; ces facteurs, estins de façon sub- 
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jective, englobent des variations dens les estimations dues au 
choix des technologies, ZL l'estimation do l'efficacité des 
rresures de protection et a l ' incertitude des calculs sur les 
effete sanitaires. 

5. 	RISJES PROVENANT DES ACCIDENTS 

5.1 c2hatne du charbon 

Dams la chaIne du charbon, les dangers d'accidents sont 
concentrs dens 1 Tdtape  do 1 'extraction, ot los victims sont des 
travailleurs, et dens l'dtapo du transport oQ les victiires sont 
la fois des travailleurs et des rrrzbres do la population. Nos 
estimations sont basdes sur les rdsultats des publications les 
plus rdcentes. 

Accidents riortels chez les travailleurs 

Los valeurs recenses varient de 0.19 L137  a 7.5 [6] et 
refThtont los conditions très diffdrentes do travail. Notre 
rreilleure estixretion est do 1.4 (1.5). 

Accidents non nortels chez les travailleurs 

1s estimations trouvdes varient de 15 [13] a 1406 [20]; 
I' €cart est plus cons iddrable quo dens le cas antdrieur 5 cause 
de la non-uniformitd dens les ndthodes do comptebilisation des 
accidents non-nortels. Notre estimation est de 60 (1.5). 

(C) Accidents nortels dens la population 

La plage des vale urs trouvées s' dtend de -0 [ii] a 5.3 
L11]. Nous avons choisi 1.0 (1.5). 

(d) Accidents non nortels dens la population 

Dens ce cas, 1' intervalle trouv6 est do 0.82 [18] 48 [5] - 
Notre estimation est de 1.8 (2.0). 

5.2 ChaIne du fuel 

La chalne do fuel est jugée noins dangereuse quo la chalne 
du chax'bon a cause de 1' autorretisation dlevde de 1' industrie, 
do la productivit6 plus dlevde des travaifleurs et des norrrs 
do protection plus sdvres. Los seals domaines d' iruidtudes 
restent, pour les travailleurs, les dangers associds a 1' ex- 
traction et, pour la population, los incendies et Las explosions 
dens les installations do raffinage. Les possibilités de d-
flagrations catastroiques existent mais lea risques associés 
ces accidents hypothdtiques res tent dens le domaine do la 

conjecture et n'ont pea dtd rapportés ici. 
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Accidents rrortels chez les travailleurs 

Las valeurs trouvdes varient de 0.11 [5] a 2.0 Jj19]. 
Notre choix est de 0.35 (1.5). 

Accidents non nr)rtels chez les travailleurs 

Cens cc cas, lea estimations varient de 5.2 16 a 146 
[19]. Notre estimation est de 30 (1.5). 

Bisques a la population 

Ces risques, difficiles A quantifier, sont jugds r& 
gliqeables. 

5.3 chaIne du gaz naturel 

U existe re1ativenrit peu d'dtudes inddpexiantes sur les 
risques associds A la chamne du gaz riaturel. Toutes ces 6tudes 
nontrent que les risques actuels sont faJ.bles. L' emploi 
croissant du gaz riaturel liqudfid, ou du gaz synthdtique pm-
venant du charbon, peut rrodifier les estimations courantes. 
Lea risques catastrophiques ne seront pas discutds ici 

Accidents nortels chez les travailleurs 

Lea valeurs trouvdes dana la 1ittrature varient de 0.08 
[5] a 0.48 [19]. La valeur choisie est de 0.20 (1.5). 

Accidents non rrcrtels thez les travailleurs 

Dans ce cas, 1 'intervalle des estimations vane de 5.3 
[14] 3. 41 [19]. NDtre estimation est de 15 (2). 

Bisques Zi la population 

corrite avec la chalne du pdtrole, ces risques sont jugds 
ndgligeables. Un seul auteur [19] a f alt des esthiations a cc 
sujet: 0.009 pour les accidents rroftels et 0.05 pour les 
accidents non nortels; nous avons adoptd ces valeurs avec un 
facteur d 1 incertitude de 1.5. 

5.4 chaIne de l'uranium 

A cause des dangers inh&ents a 1 'exploitation de 
l'dnergie nucidaire, la chaine de l'uranium a fait l'objet, 
des son introdirtion ccmrciale, d' ire régleirentation et d' Un 
contr6le tres sévres. C' est ainsi que la population a dté 
très bien protégée - les seules victimas a déplorer proviennent 
des accidents de transport - et que lea dangers, pour les tra-
vailleurs, res tent essentiellerrent confines a I' €tape de F cx-
traction. Comie pour les autres chaines, les risques hype-
thétiques ne seront pas considdrés ici. 
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\BLAU III. NC4BPE ANNIJEr. DE racEs caEz r.ss TAwILLEups Pr3vai''r nrs ACCIDENTS 
ASSCCIS A LA PDLTION DE 1 Oi a WtZERGIE LECTRIQUE. CHAINE DE L UPANIUN 

Etape 
Auteur 	 Extraction Pr5çeration9 Thansport Conrsion 	Total 

SH-1224 	31 0.12 

Hamilton !i] 0.27 

Uittjna.n 11 
Smith et al. 	61 0.12-0.27 

Comr et Sagan 	7. 0.07-0.27 

Poctiin [81 0.3 

aorris [lo 0.12-0.27 

W.H.O. 	[111 0.1 

Inhaber r120 008_0•57b 

114 1  0.07-0.27 

[15 0.1 

Ranay r16] 

Scburr et al. 	1171 
Inhaber [19] 

Beihosteetal. 	[231 0.043 

CCES [21] 0.26 

Hamilton [22 0.477 

0.007 0.003 0.013 0.13 

0.07 - 7.013 0.35 

0.015 0.175 

0.007 0.003-0.012 0.013-0.017 0.14-0.31 

0.004-0.27 0.003 0.013 0.09-0.55 

0.12 0.003 027 

0.005 - 0.013 0.13-0.28 

3.13 < 0.01 027c 055c 

0.003-0.012 0.013-0.017 0.10-0.60 

0.004-0.27 0.003-0.007 0.013 0.08-0.55 
- - 015b 

0.25 
0.09-0.31c 

O.08-0.27 

0.003-0.012 3.013-0.057 0.25_0.75 

0.129 0.009 0.018 0.19 

0.001 0.013 0.013 0.27 

0.006 0.015 0.021 0.52 

Comprend lea 6tapes raftinage, enrichisseirent, fabrication et retraitenent du 
combustible. 

b Coirpreorl Ogalerent lea 6tapes suivantes, indiqu8es par des f1ches. 
C 

Corrprersl lea accidents ayant eu lieu durant is construction de la ontra1c. 

Accidents nortels chez les travailleurs 
Le tableau III indiqt, de façon tres dtai1le les 

valeurs recerisdes. Nous avoris retenu la valeur 0.20 (1.5). 

Accidents rn Tortels chez les travailleurs 

Dans ce cas, les valeurs varierit de 5.0 [7 ] a 45.7 [20]. 
Nous avons choisi 15 (2.0). 

Risques a la population 
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TABLEAU IV. CC1WARAISON ENTRE LES EFFETS DES ACCIDENTS ASSCX]IES AUX DIFFERENTES 
CHAINES ENERGETICJES. RESETAT5 iDPLISES A LA PRJDUCTION DE 1 a 0 ENERCIE 
ELECTRIcUE. NEILLEURFS ESTTICNS tr FACTEUPS U • INTERTISJUES. 

avai11eurs 	 Population 	 Total 

Fhamne 	 Ek3cès 	Bleas6s 	Ecs 	3lesss 	f4cBs 	Blesses 

Oharlxn 1.40 (1.5) 60(1.5) 1.0 (1.5) 1.8(2.0) 2.40(1.5) 62(1.5) 

Fuel 0.35(1.5) 30(1.5) -. 	0 0 0.35(1.5) 30(1.5) 

GaZ naturel 0.20(1.5) 15(2) 3.009(1.5) 0.05(1.5) 0.21(1.5) 15(2) 

UranIum 3.20(1.5) 15(2) 0.012(1.5) 0.11(2.0) 0.21(1.5) 15(2) 

Une seule dtude inddpendante 3J donne 0.012 accidents 
rrDrtels et 0.11 accidents non Eortels. Nous avons acceptd 
ces valeurs avec des facteurs d' incertitude de 1.5 et 2.0, 
respectiverrent. 

5.5 Soimaire 

Dens le tableau IV nous ans rasseirbld, peur chaque 
chatne, i-los rlEilleures estiitiations sur les risques provenant 
des accidents re1s associds au fonctiorinenent d' une centrale 
1ectriqi.ue produis ant 1 Gigawatt. anride d' 1ectricit. 

6. COMPARPJSON PARrIE[LE DES FILIERES LWR ET PHWR 

Plus ieures €tudes s' effectuent prsenterrent au Canada peur 
estirrer les risques sanitaires de la filière nuc1aire CANtU 
gui utilise Puranium naturel et 1 'eau lourde. Nous donnerons 
ici quelqtes résultats partiels gui perrrettent de carrparer les 
risques radiologiques subits par ics travailleurs dens les 
chamnes PHWR et LR. Contie la chainc P11WR présente nDins 
d t dtapes que Ia chalne Th'IR, on peut s'attendre, a priori, que 
les risques de la chaine cariadienne soient plus faibles. 
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Los dtapes extraction et preparation sont responsables, 
enseirbie, d' une dose collective cle 0.58 rem et 0.6 WII4, par 
torine d' uranium, provenant do 1T  irradiation externe et do 1' ir-
radiation du radon et de ses sous-produits, respectivesent 
[261. Tenant cc*Tipte gu'il faut extraire quelque 175 tonnes 
d' uranium pour produire 1 G . a d' electricité, las doses 
collectives norrialisdes sont d' environ 100 toni et 100 WLM res-
pectivenent. Avec des facteurs do conversion en irortalitds 
radiologiques do 10/rem et do 3x101WLM, respectivenent, on 
trouve un total do 0.04 victinEs par Gigawatt. année. 

On obtient pratiquenent la n€ne valeur si l'on so rdfre 
aux effets des doses collectives dans les centrales nucidaires: 
los valeurs noyennes des trois dernires anndes so situent 
autour do 500 rem pour la centrale de Pickering et do 200 rem 
pour celle de Bruce, par Gigawatt •annde [27]. 

Los effets associds au transport et A la disposition des 
ddchets sont jugés négligeables (<0 .005); le démantlenent 
contribue a environ 0.004 victines radiologiqi.Es par Gigawatt. 
annde [28]. 

Le total des victirros radiologiques pout done tre estirrd 
. 0.09 (1.2) /GW.a pour les travailleurs dans Ia chaine PHWR 

soit environ la rroitid do la valeur correspondante pour la 
chamne I1iR. 

7. CO1LUSIONS GRPLES 

Malgré les difficultds et los limitations inhérentes a 
1 'analyse des risques associds aux chalnes &iergétiqs, on 
pout tirer quelqis conclusions géndrales: 

avec des noyens adéguats do protection, toutes los sources 
énergétiques considdrdes sont socialenent acceptables du 
point de vue sanitaire car los risques los plus graves 
associds a la production d' electricité, sont du nfre 
ordre quo les risques correspondants associds la con-
somnation do cotta electricité; 
les risques scifiques associés A la chaine do 1' uranium 
ne sont pas plus grands et prcbableirent beaucoup plus 
faibles que los risques correspondents associés la 
cthalre du charbon; 
des rechercthes supplérrentaires sont nécessaires pour di-
minuer la plage des incertitudes qui subsistent (en par-
ticulier sur los effets des produits do corrbustion), pour 
nous assurer que des effets importants n' ont pas été 
négligés et pour identifier et protdger les groupos d' in- 
dividus potentiellenent plus sensibles aux effets des 
produits dégagds le long des chalnes ériergétiques; 
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les risques des accidents hypath6tiqis a cons&uences 
catastrophiques devront faire 1 'objet d' dtudes sdpardes 
et systématiqis; 
des estinations plus ralistes sur les risqs sanitaires 
des chamnes deergétigues doivent se baser sur des 
sctfnarios de ddvelopperrQnt deergdtiques précis qui 
tiennent conipte de façrrn adequate des réalitds gdo-
grapbiques et socio-dconoiniqs locales; 
si l'on desire pusser plus loin l'analyse des systènes 
&iergétiques, II est indispensable d 'avoir recours aux 
nodèles économiqs du type entrées-sorties afin de re-
tracer toutes les activités industrielles reliées A la 
production d'dnergie; c'est seulerrent par ce nDyen qu'une 
comparaison rigoureuse entire energies renouvelables et 
non renouvelables rourra &tre entalTée; 
une attention particuliare devra etre pertée au concept 
de la respensabilité vis-à-vis les gdndrations futures 
et sur les limites de cette responsabilité. 
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DISCUSSION 

F. GIRARDI: May I congratulate you on this review and particularly on 
your attempt to normalize individual studies on the basis of common ground rules. 
Such studies are urgently needed. 

I would like to know if the nuclear energy scenarios described refer to a one-
through policy such as that favoured by the United States of America, or to a 
uranium recycling policy such as that in vogue in the European countries. 

W. PASKIEVICI: Thank you. The differences in radiological hazards between 
the two cycles are not very great, as can be seen from the CONAES Report, and 
are certainly within the uncertainty factors indicated. The main reason for this 
is that the hazards associated with mining more uranium ore almost balance those 
avoided by not reprocessing fuel. 
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OCHOBHbIE bAKTOPbI PUCKA flJl$J 3,LOPOBb3l 

flPH HOJIYqEHHH 3HEPFI4H 

B 5WEPHOM H YTO.J116HOM TOELTIJ4BHbIX WIKJ1AX 

E.H.BOPOBbEB, BA. KHI'VKHI1KOB 

IlHcIsfryT 6Hotj113MKH 

M1HHcTepcTBa 3tpaB00xpa11eHsia  CCCP, 

MOCKBa, 

Coma COBeTCKHX ColwajssicmqecKllx PedHym4K 

3anp0meHHbl12 dwcisad 

Abstract- AHHOTaUH$i 

THE MAIN HEALTH HAZARDS FROM POWER PRODUCTION WITH THE NUCLEAR 
AND COAL FUEL CYCLES. 

A comparative estimate is made of the health detriment for workers and the public from 
power production with the nuclear and coal fuel cycles. The following stages in the nuclear 
fuel cycle are considered: mining of uranium ore, fuel fabrication, power production, waste 
disposal, fuel reprocessing, reactor decommissioning and research projects. The stages in the 
coal fuel cycle examined are: coal-mining, transport and power production. In estimating the 
health detriment, account was taken of possible late effects of radiation (cancer) in workers 
and the public, accidents and occupational diseases affecting workers, and the incidence of 
cancer among the public as a result of the action of chemical carcinogens. It is shown that the 
total health detriment from the nuclear fuel cycle is considerably lower than that from the coal 
fuel cycle. 

OCHOBHbII: cliAKiophI P1CFcA Jl5l 3IIOPOBbSI IlPil fl0JTlYEH11l4 3HLPUIH B 5WLPHOM Ii 

YFOJIbHOM TOftTTHBHbIX Ul1KJIAX. 

fIpisBccHa cpallHuIEcLbHaB oUCBRa yruep6a gnu 3.RopoBbA nepcoisana Ii HacejleHl4u Ilpis flOJly'ICHHH 

B .qOPHOM (SiTU) ii yiorik.}IOM (YTU) TOflJtisRHSTX LLHJ<JIa. B BTU yqcissi urailbi: loObiqa 

YPaHOROSi pyobI, H3roroBneHHe ToomBa, nony'icmse lneprsiI, 3axopoHdHHe oxonoB. nepcpa60TRi 

f0nJIL4Ba, lteMOHTau pcaI<ropa, BccJWILOBSTeJIScKHC pa3pa6onsr. B YTU paccMOTpeItL.I TanbI: JlOGbISS 

yr -Ia, TpaHcnopmrpoBI<a, norly'IeH}le HepFHH. Upu oLieuKr yuscptSa TUOOBblC flFIHHM5TI14Cb Iso BHJIMa}414c 

BOJMOlKHbIr OTWIJSCHHbIC ISOCJIeOCTBHS oBnyueuissi (p5K) y tIepcoHaJIa is HaceneBilsi, Bec'ISCTHSIC ciyaH 

it np4ecc[4oHanbHue 3a60ncBoHH31 y ncpcoasiia, Is03HHKH0BCHHC paa y HacesieHusa BcjIeuTBHc B0311eSi-

CTIIHB XBMB'ICCI<HX KaHt(eporeHoB. floi<aasio, 'io cyMMaplmrn ymep6 JJ10P0Bb10 B 51TU cylisecrisel-IHO 

HH)tcr,'e,MB YIU. 

3A,liI,Aq1 H METO.au CPABHIITEJ1LH0ñ OUEHKH fl1rHEHHECKoh 
3HAqI1MoCTH sI.rtEPHocI Fl TPAZ&HWIOHHbIX B14I&OB :3EJEPFETHIa1 

BaimocTs HpOöIIeM, cB93aHHs,Ix c He06xo)ulMocmm  nporHoaslpoBaHIf a BO3LICfICTBSLa 
aaeprem 	Ha OKpyscaIoluysO cpey 5{ 3opoBbe qeJIoBeKa, HbIHe BBjisieicsi 0 61ue11pH3I-laHHOk. 
FIMeHHO JilepreTliKa 31BRReTCH B HacToumee BpeMB H, HO-B5{LIHMOMY, oclaHerca B 6JlwKañmeM 

627 
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OyziymeM OJTHI4M 143 rJlaBHblx HCIO'IfflIKoB 3fH3HCHMH OKpywatoweil CpeIth1. BecbMa 3HaBH-

Tejibi-t2 p0111, 35l3HCHI{fl ii Bcero fipOnecca ripoH3Boicma iiepriin c io'nui 3WH Hello-

cpecTBeHHoro BJIMHHI4SI Ha 31IOOBbC qelloBeKa. LocTaTo4Ho ca3am, qro, no MHeHI1I0 

pua CIIeWIaJIHCTOB, £10 90% CYIUCCTBYIOII.IerO  ypOB 3a60BeBaeM0cTH 311oKaqecT8eHHbIM14 

OIIyXOJTHMH 06yCHOBJIeH0 aicropan oKppfcalouiel cpeb1 [1-3]. 3Ha'nilejmllaa qacib 

BcTpe4alOUIHXCII B aTMOc4Jepe 3IW3{HTCflCH, B TOM 'o-ic-te sbIOpacblBaeMbIx 3HepreTH'Iec. 

KHMH lIpCrnIpHBTH$1MH, oOciaaei MYTBI'CHHI,IM 14 FOHBOTOHHBIM £Lel4cTBneM, TO eCTI, CHOCO-

01-ta o1pa+camc3i ua 31opoabe noToMcroa. IaKHM o6pa30M, He (5yoei npeyBenwem{eM cKaaam, 

'ITO 1IYTH P113RATHR 3HepreTHKH CMbtM }idnocpetcIBeHHbIM O6pa3OM cB3aHbI C 

flpltpQrtbI 1-I 3fl.OpOBb3l Jl106i. 

B 11odne)ilHe rOfbI  dali OBCBIILIHbIM rnoOalibubrn, nslaHeTapHblu xapaFzlep B03OellcTBrnI 

3HepreTM}cIi Ha ITpHpOiIy H 340pOBbe. 3io 61,1-HO IIOl<a3aHO £11151 £tOltO14HBYWk1X paWIOHyKnH1oB 

C TaN Ha3bIB3eMbIM " I7IO6aJIbUblM xapaKrepoM padnpocrpalieuHH". OBaKO It aJIbTepliaTHBHLle 

THHbI 3lieprelHKn H. HpeKe oceco. JHepreTl4Ka, ocHoBaHHaB Ha OCBH544CCKOM TOHJI}tBe, KK 

3T0 CTBJTO HCHO B IIOCJIeIIHCC BpeMB, lIp1-to6peIIa xapallrep Ba)KHoro aKTopa rMOOaYlbHOrO 

B03jeHc1l3Wl Ha OKpy)ia101Uy10 cpe1y. 

Bce cKa3aHHoe HbLule 0651cHHer B03HHKIJJJII4 B nocJIew{He 1- OhI BliTepeC K O1CHKC He 

TOJTbKO 3NOHOM14 11CCNOII cloHMocrl{ H KoHIcype}iIocnocoOHocT}T pa3JlH4Hblx ThITOB rlpoH3-

BOLLCTBB aHeprnl, HO TaloKe HHTCpCC K o1eHFce CpaBHI1TeJIbHOa OIIaCHOCTI4 PR3HbIX BtWOB 

3HepFCTHK1I glig oKpy)Kaiomefi CC1bI 14 3aopoB1,si qenoBeKa. B 061-HeM BHfe 3azialia CBOW{TCSI 

K TOMY. 41061,1 OIIPCWJIHTb "1-ACHY"  HPOH3BO)IACTB CHT{1411b1 3HeprHM B 5WHO11 H pyriix 

BHOaX DHeprCTilICH B cOLIOCTaBIIMbIX IloKaaaTeSl$IX yatep6a p;iR oNpya1owei cpebl B 30-

p0Bb51 qertoBeKa C TeM, 14T06b1 oOner4nTb nPRHATHe oniMManbItbiX pelUCHHR 110 pa3wtTItlo 

H 3KCIIflTL1HH pa3HL'IX BI4LIOB HepreTHKn. 

Perneme 3aaqn no jKoJloro-rHrMeJIHMecKoH OIICHKC P3Hb1X BHOOB lHepreIHKH Co. 

HpBlHeHO Co M1IO1'HMH TPYHOC13iMH H, 110-BHW4 MOMy, nolpe6yer euje HeMano BpeMeHI4 H 

YCHJIHII £11151 HpOpaOoTKH ee BO Bcex ZIeTaliHx. Omia H3 OCHOBHbIx Tpy1HOdTeI1 3aK.IlIoBaeTCB 

B TOM. 11-TO '44)eNTbl. B113bIBaeMbIe B opraHu3Me 4enoBeK3 aa cqeT B03Ue1ICTBIH paanblx 

BHHOB 3HepreTnKw, 3aqacTyfo HeoW{03Ha T4Hbl no coeo npipoae H HOTOMY IPYAIHO conocTa-

BHMBI. MHorMe BH1bl B03rAeMCTBHI4 OT psrna tIBKTOPOB B006ule KOJTI44CCT13CHHO He H3y4eHbl 

(34)eKml cepincToro aHrI4npl411a, OKHCIIOB a3ora, nbInH: CB5I3h MC)KJIIY MHOtHMI4 TOKCH-

BeCKHMH, B 'AaCTHOCTH, }caHuepOJCHHbIMH  BeIJIeCTBaMI4 H aaOoneBaeMocmlo Haceneffitsi). 

Ho yKa3aHHorI ilpoOneMe B nociierntue  HCCNOCIbKO ncr 11031BH11051 UCJ1BIH PAtTI paOOT. 

OHaKo OOJIbHIHHCTBO 143 IIHX £AaCT cpaBrntTenbHble oUeHFcH 11-Alum 811515111-1410 Bhl6pocoB 

TOMHb1X neKTpodTaEwHI-t (A3C) H TeftrIO3neKrpodTaHWll4 (T3C) H51 TpawIu,HoHHoM TOWUIBe, 

jja H TO 1114mb no OTiCflbHb1M K0MOOHeHTaM BblOpoca, a He no Bce Mv "OyKeIy"  [4-10]. 

llHWb B CglIHHBH14IX paOoiax nocnegero BCMH11 npewmpHI{}'MaeTcB rIOfIbITNa oaTh OlIeHKy 

BCCM AlbiOpocaM A3C H T3C, a Ta1z>14e £1PYFIIX llpegllpIllTAlll TormnHBHorO LIMIeJIa El 1-161. 

K co)IcaJ-1el1H}o, 3T11 oueAlKH ne nonAlbi 3-3a ylela TOJThKO 'lacTH KOMIIOHCHTOB BpeglThlX 

BO3TIeHcTBIIII Al B piwe Ba>KHB1X MOMHTOB HC yOegHTdnbHbI. B 'ICTIiOCTH, 01111 He H03BOJIAIIOT 

rmofly'lltm KOJlH4eCTBHHb1x OLHOK Bpeaa 01 XHMH4CCKHX IcoMnoHeAlTob BbIOpOCOB. 

1-lrm>ice, npm CABHHHH B03LI1iCTlfl sieporo ($ITU) it yrOflhHOrO (YTU) TOIIJ1HB1-lO- 

tHepreTH4ecKkIX W4NnOH, Tiyger Oonee noOpoOHo oxapalcTeplaoBaHa HMC1OglBMC3i I4Hf1JOPMaUHM 
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H HconpeeJIe1tHocTH, C KOTOpbIMH npHXOJFlTCE CTaJUCHBBmCII OPII rHrueHH4ecKoll OUCHKC 

3HblX BHOB 3HepreTuKF4. Ha ocHoBawlil lcoMLIJTeKcuoro llOJXOLia aeTcH B03MOKHO öonee 

UWIHB5I 11 peaJIHcTH'lecKasl o1ekI(a yuepöa gaq uacesicwu it nepcoitaxla Of 1TIJ it YTU. 
BaKHh1M MOMOHTOM, 3a4aCTylO ylIyCKaeMBlM 113 BI{Jia 11pM oHpCeneHHH "iteitar "  11p0113-

B0LCTBB JHeprHH, uBJIHOTCH OUeHKa yiep0a WHI 340POBh$1 HO TOJTbKO HacejleHLlsI, HO ii 

riepcoitatia, oGedneiutBauouero T0HJTHBHO-)HepreTHqeCKIul wllcn. 4itcrio noei, 3aH3ITblX B 

3hepreritke, CocTaBjiger CYUOCTBHHY1O 4aclh Hacejiemlu flpOaIhILWleHuio pa3BItTbIX CTpaH. 

TaK, B CCCP wcneHujocm paOo4Mx It HH>tceHepHo-TexHllueckoro nepcoHaTra, 3aHsJrOrO mulL 

o6aiqeii yriuB, COCTaBJluCT OKOJIO 1 MJIH. liejioi3CK [17, 18]. B TO )KC BCMH nOpCoHaJl, 

3aHBrinH ita p$itC 3TanoB 3110 pfeTWTeOKilx WlKJloB, noepraeicg Ha11oJlee Bblpa)fcel-lHblM 

1103)IIOMCrBIIBM. LCTCCTBeHHO, 410 H}1 O1lOCIIOHHH B lIoKa3aTeJlux 3OpDBb$1 "uwHin " , 

KOTOpOIl 06113001B0 BblHy3cteHO pacnnaqHBarLcg 3a eJIl1mWy npoH3BeeHHon JHepflIH, 

HOJIL3B 000HTH 340eKTbI, KOTOPble ilMelol MCCTO y nepcoHana. Hne Oyyr paccMoipeHi 

113 H]4X 	PitCH  1iC4CTHb1X ciiy'iaeB it lupo(J)eccIuoHaJIbHble 3460JTeBaH}431 Ha Bcex 

)ranax HILKiToB, re 01111 BCrpe4afoTcu H ilM}0T 3Ha1eTrne. 

BbIOop kiJI$T CpaBHeHHE i,ByX TH[IOB iHeprelitHit - JiTU ii YTU -. o6ycJloBslcH TOM, 410 

B 6itwi<aiuimje qCCRTHJICTHR OHui MOFT clam rIpeo6J1aJa}ouMH CHOCO6BMH rIPOH 3BOPCTB 

3HOPfHH [19, 20]. [lpOrHOaHpOBaHHe IT TIHaHHpOBaHHe PB3B}ITH31 H paWtoHaJTbHoe HCHOJiL-

30BBHMO Ka)KJIof 0 113 H1IX B 3HB4IITOJIbEIOII CTeITOHH 3aBHCHT 01 06 -LOKTHBFIOcI KOJ1H'IOCT13Ol{ufOiI 

o[eHlK11 BJTHBIWB JTHx oipacJieu )HeprerIlKH Ha 3gopoDbe 4CJIOBeK3. 

Hite IIPOBOWITCII cooTBeTcTByiouee CaBHCHHO Ha OCH000 i1MeloIteiIcg K HJICTOHLLLCMY 

BpOMeHII oTeqecTBeHHoH H 3apy6e)KHou ilk4opMaWlH. CT1eyeT OTMerHrb, 410 BO itcex coy-

'uaux, KoI'ta pe4b uuzei 0 HLepHoH epreiite 11 B 0110HKO TIaHI -Ibix HOT OOpCeJTeHH0CTH, B 

pacei BauuTbi Hall6oJlee OcTOpofothic, To eclb uiaMMeHee OYIrHMHCTH4HbIe )IaHHb1e. 

Bonpochi oueiuut ywepoa 01 BPOWThIX IjJaKTopoIu, tO ICTRUlO }C0TOb1X nogncpraercsl 

nepcoai H Hacenemue B iipoiecce lloiiyqeHilsi 3Hepril4, pa3pa6oTaHbL Heiocraioqito. Oa 

113 rlepBbIX H Ha}t5oJiee CCPBC3HLIX paöOT B 31011 o6JT2cTll - ny6JlilKaIjilH N27 MKP3 [21J. 

OwIaKo B 31011 paOoTe paccMarpilaalorccl xnuiva iieoopinc UUTTbI ynuepfia, Bcpe'ua1ouulec3i 

Lu 5ITU. Psut BaHb1x BPOW{LIX (aKT0pOB, B 4BCTJ{OCTLI, UblflO}IBIX H XHMH40CE4X, 8 3T014 

pa6OTe He O1tOHHBaeTc9. B HBUJOM c006IiieHHi1 UpeLUlpHHsTra noimiri'a TlaTb O1tOHKY B03MO-

KHoFO yLIucp6a 01 IITII H YTII c y'ueroai [IOCJiCCTBHll 1303LTOIICTBHB  BCCX OCI-LOBITBIX ()aKTo-

p011 pucKa. 

Oitem'za OCHOBHBIX H14ZOB 1303MO)KHOI'O >Tiiiep6a  gnu 3OpOBb5I fl0B0J1BCb 110 TpOM 

nOKa3aTeJlgM. 

I. %uc.iio cny4aeB IIpe)K)ITeBpeMeHHoH CMepTi1; 

a) or 1100JIepcTBItcl oOJLy4eHllH - 3a cleT paia y HaceJ1eHHH 1! nepcoHaJla; 

6) or rIpoeccHouaJmHbIx 3a6o3ieBaHHii, HO cB313aLLHblx c 06ny4eHIleM (ia c'uer 

OHOBMOKOHIIO3OH 11 xpoHu'lecKslx rthuleluhLx OpOHXIITOB) y L7OpHOpaOO4Hx H 

nepcoHa.ua oöoramreJmHblx a6pHK; 

B) 01 HOC4CTHbIX cJIy'laeB y IIO900HKTIB ua 3HbLX clagngx TolinuaHoro wuIcJla; 

i) 01 paka, BBI3BaHH0r0 y itacenemusu xIuMnqecKiiMlI KaIu[eporeHaMsu, cotepsuta -

IwuMllcu B BLiOpocax yroIlbilbIx TDC 
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flolepH rIpo0n)K14IeJtbHoCTH )KH3HH, qeJToBeHO-jlel. 

[IpH 3TOM HCnonb3y}oTC ce)iL)'0LUHC aaHHbie agg paclieTa c0(paLJeHHH np000rnKnTeim -

HOCni )KH3HH qenoBeka 3a cqei pa3Hblx 4aKTopoB: 

a) y nepcoilana aa c'iei CMPTI4 oi paka - 10 ncr [211; 3a ctiei BbmeleHHoro 

paa - 5 neT; aa c'iei npo43a6oneBaHrn (EHeBM0K0H1403bI, flbIflCBoH 6pOHXHT) 

C YLICTOM oTHOcHTenbl-IO IcopoiKoro cpoica pa3nHTM H MU1W{0 nporpecCnpyioiuero 

TeqeHM - 5 JieT [221; aa cqei Hec4aclHblx cJIyqaeB - 30 .rer [21]; 3a cqeT acex 

TBM H cnyaea I4HBanM4H0CTH,  HpHX0WIu14XCH Ha OgHH CMTJIbHbL Hec'&aCflmIH 

cJIya, - OflOjIHMTjThHO 30 nei; 

0) y HacCnem4 - Ha Cny4aM CMPTH OT paKa, BbI313aHI-lor0 oOnyqeHHeM IlflH X}1M14-

4eCKI{MH icarneporeaM, 30 nei [21]; 3a CqCT BbineqeHHoro paKa H abI3BaHHoe 

HM HHBaIHgH0Crn - 10 siei. Bbme4eHHble ciiyaii paa ncricnx, BbI3BaHHoro XII-

MH'4CCKHMI{ KaHueporeHaMif, B pac'IeT He FIpHHIIMa.JIHCb. 

floiepsi TpyOOCflOCOOHOcTat, qeJ1oBe1zo-j1er: 

a) y uepcouaSla - 3a cIer obineqenfloro H OMBCWICF0 K CMCTH paica - 5 neT; 

aa c'IeT Hec'iacmbix cny'IaeB Co cMepTenbHblM I4CxOLL0M - 20 neT; 3a c'iei Bcex 

HeCMepTeJlbHbIX HeCqaCThblx cnyae (rpaBM), C0flyTCTByI011X oaHomy cMepTenb-

H0MY, - )IononHHTenbHo 10 nei [21], 143-3a npo4J3a6oneBaHa 	S neT. 

0) y HaceneHita 3a c'leT cMepm 01 'ny4eBoro' H "xI{MH'IecKoro" paica 20 neT, 

3a C4CT Bbrne'IeHHoro Sly4eBOrO paa - 5 neT. 

IlpHR5iTO, '110 1}iCflO 3a0oneBunlx paKoM Bcnerc1B1{e 063Ty4eHH51 BBOC rIpeabimaci 

'mcrio yMepUJHX (i.e. 50% Bb1nel1BaercH). 

Yuiep0 01 oOny'IeHHn oIrem{BaJlcg no nHHCMH0H Oecnoporoaon rainore3e, 3aBI4cHMocm 

"g03a - XeKT" flpl4Hl4MaJlaCb B COOTBCTCTBIiM C llocJ!eriHi 1Mli, 1{aII6oJIee rUHpOKO lipli-

liRTbIMH upelcTaBneHMaM}I [27, 291. OueHKa ymep0a 01 rLbtJleBbIX 14 xHMH'Iec}CHx a1cTopoB, 

O03OBbIC HF9Y3KH Ha panioimix 3TarIax Mlii H YTU, npixownuHeca na riepeoHan 14 Hace- 

sleHrle, CTeIIeHb pHcl.Za 01 HcqaCTHb1x CJly'IaeB flPHBCriHb1 B cooTBeTcTBrO1 c paOoTaMi [21, 27, 291. 

B03JIEcICTBI4E HA 3II0POBbE qEJIOBEKA 5ITU 

OcHoaHblMM 4aKTopaMH, cnoco6HblMH opFrHOcHTb yulep0 B peyniaie 4yRKwIoinIpo .  

BaHHM Iweprioro Tonn14BHo-Heprer14'lecKoro jiiKna, ngioTcII: 

- oOnyMeHie JlepcoHana 14 HaceneH}1g: 

- l4ecqacTHbIe dny'-IaH c nepcoHanoM; 

- 1ipo4eCC110HanbHble 3a6oneBamlg, He cB5I3aHImIe C 14OHII314pYI0IUCH pa,IJ41aw{e. 

Heo6xo3HMocm ylleTa BCCX ylca3aHHblx BMJ0B ywep0a wia onpeoeneHH1i "uelmI" , 

Kolopylo o0ueCTBo iinaiiii 3a MieprHlo, Mof(eT OblTb HpO}fllJTIOClpBpOBaHa OonbluriM qHcnOM 

npHMepoB. TaN, I43BeCTi{O, 'ITO nI4eBMoFCoHI4o3bT )' H1XTCJ)0B, oObIBaloi.WIx yr0.Th, BBHri 

TgA(ecTII HX Te'IeHwa 14 Oonbwoii padnpoclpanel -IHOCTiI, no MHCHTIIO KoMnereliTHaix oprarn{3awafi, 

upeciarinioT co0oi CoWIanbHyIO ripoOJIeMy 123-251. B TO WC BpeMa, COL7naCHo MaTepM 

aJIaM, 0006WCHHbIM B IlyOrIHKauHH N0 27 MKP3 211 , B AHrnMH B CTh.HM lie BCCM OTpa-

CJIIIM fl0MbIWflCHH0Ct11 B rori  or HecMepTeJlblmlx HeC'laCTI-ibIX cny'laeB iepeicsi 20 MIlK. 



LAEA-SM-254/103 	 631 

qeJToneKo-1e1 H mi um 0,7 MYTH, 'enoaeNo-tJieLI - or npo3a6wIeBarni. B 6OYTbUIMTCTBe 

orpacneik [IPOMbUWICRHOCTH (KpoMe ycomHo) npoeccHoHarftHbIe 6eYTe3ut jaior ropa3Ao 

MeHhWBII Bxjiag B O6[[HH yTLp5 3OpOBbIo, JICM rip0H3Bo,cTB1THHhIe TpBBMBE. BecaMa 

aa)tcHo, qio pa3mimbic orpacrui HP0H3B0PCTBB peTKo ouIMqalorcg no  qacTole, XapaLclepy 

11 HOCJIHCThHBM TBM It npoecconamiiix 6XIC3Hek. Taiz, a TtPr B r0pHoo01,xBai0weH 

npoMbrnmeHHocm ua 160 cnyaB cepm or Recqac1H1ix cny4aeB TBperHcTpftpOBaI-tQ 75 ciy-
qaea CMCTH 01 npoaaboJxenarnth. flocYTewBt0 jioicaaarejm B 10 pa3 BbrLue, '1CM B MaUIHHO-

CTOWO4 11 KIIMH CK01 ITpoMbIfflhIeHHoCrH ç26. TBKMM o15paaoa, HMetou1{ect1 pa0omi 
110 CpaBHCBT{TO onacHocrB SITICpHOII 9HepreT14HM, He Y'11fTbtB!011C OCHOBHbIX rlocjlecTB14H 

flpo350HcrBeUHoM geflTesibHocrH H orpalMr4HBaE0=0CR BIt hUb 34141e1(mMH OYly4eH1t$t, HC 

flO3BOfl$u0T BaIHeeTH 06be}CT14BHbJX oHeHole;  o6pa3Ho FOBOpB, 0HJI XPXTCPB3YI0T JIHUJI' 

agaojiwyto qacTi, ac6epra. 

B raOii.l flP14BCCHb1 HHL1C no oöweMy ywepy HJ1B 390POBLA HaCCJICHHB H riepcoaria 

01 	B aCTTOM. 

LlaHHble raö.I UO3BOJuUOT 3ak)Jf0q14Th, 410 11PM oupe)IeJIeHIllT "UClibi"  3HCHF1 B rio-

icaarerutx yiiep€Sa £W51 opoaa, o6riy'iete It1BCT orlIocItTenbIto cyweclBeHllyto porn no 

lloKaaarenio 'oicsja CJiy'JaeB rrpe)f(eBpeMeHHon CMCpTTI (Han pl4Mep, rlOJ]OBIIHa BCBX CJIy'1aeB 

B }TU, lipIt IIOM OCROBBOC 31iaqe14te HMCCT ony'4eHMe rtepcoHalsa). flpttMepHo paRlimik  

BKfjaA B UOK3BTCI7b COHpaaeHifn IIpOROrnICHTeJTh140cTH )KH3111{ B r]oTepI4 TpynocnocoHHocrH 

Uator o6ny'eiwe H Bec'1acT14b!e CJ1'iIt Ha TI0143OCTBC (criaaimiM o6pa3oM, Ha 3Talle £O6b1qB 

pynai). flpoeccieoHarnHMc 3aOoneBaHHlT 	 3rH0IrorHH OöycJlaBJlHBaior 

lipItMepIto ajjHy tueciyto qacm acex cnyaea 	 cMepTh It rIHUTh HCCFZOJtbKO 

UP0UCHT0B norepa np010IIBU4TeJibH0CTB )KJ{3H14 14 Tpy0cli0c06H0cTH. 

3. B03,11ECTBHE HA 30POBbE IIEPCOHAJIA 11 11ACEJ1E*151 YTU 

IlpIt flOfl 1tCflttH JIteprIf 14 14 YF05lhHOM TOUS1I1I4OM 9MHTIC dnelcIp b03UBt4CTBYIOIU14X I4 

IIepCOHBJI 14 HaCeJTeHHe 4)aIeTOpOB, a Ta}otce M3cwTa6br B03eItcTBI4si 3Ti'1HTflbH0 ul"PC II 

MI{OroopaJ}lee. JecrBIte pBJ3.a 4K1O0B ao CMX HO 1434CHO I4CUOCTBT04ITO H Ir0slH4eCT-

BeHHaB oneHieB HX JI14eKTOB Jarpyji.Herra 14.'1H HeB03MoicHa. MItorHe aKTopb!, IiaflpHMep, HiTI!-

'nie oprattwtecieHx coetMetrMM, o6pa3yIou14xcB OpIt c•)tcHraHat4 yFTIB II OCOCI111O lipti ero opeapa-

ILle}{HH B )f(IwKoe 141114 ra3005pa3H0e 1011111480, ocTaloTca Ia14e HeiweHTIn)Hw4pon3Huh1MH. 

C EpyrOM Clapol-Ibi, a o1nH'1te or RACPA(A ateprelitHIt, yronaHaB - 14MeCT 3Haq1TenbHbltl 

14 ITOTOMY 11H onern<e pizia cc 44e14To14 cywecrayeT öoxIbIue OtlpCflCJlCHlIoCrH. 

It a HTU, a yroliblioM WIKJIC ocHoaHoC aoecicmiie Ha Macendure o6ycctoa5iel -lo 

131,1POCaM1{ B aoccepy Ha TarTe Hcnollb3oaa}1It5I, TO CCII C)HBrBHHH iowneaa. OcTaJmHble 

3TanbI UHKIIa o6ycnasroraaior BOCCTHC rflaBIlbIM 06pa30M na nepcouari, 33HltTaIH Bo61,I'1e, 

ltepepa60TK0H It TpaHcnoprrtpoaHou TonJiwBa. 

0u11M 143 0[H0CI4TCJ1bHO Maj10311aqalIutX 4iaxiopoa B03HCIIcIBIuI YTU Ha nepcouan 

1-laceJIefilte JIBJIRCTCB pawtalHoHHbIH. B03ecTB14e 063Iy'ICH}lB Ha nepCoHarI rIpoucxozrklT, 

IriaBitbiM o6pa30M, npi 405bl'1e yrna B maxiax, a 'ta 1-jacejIeBIle - a c'ie rni6pocon npojIyKTOB 

croparni yfOJIbribiMil TX. 
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Ywep0 UT HaCqaCTHbIX cJILy'!aeB HB 	TauoB yrOJthHoro TormBBHoro wlNjja no qacToTe 

HeqacrthJx cnyqaen ne BbleJiBeTcB CCH pyrx BBOB UpOMI1IIUZeHHOH AeATCAWOCTV, 

HallpHMep Taidllx, HaN 3TanaI nepepa60TK0 yriin HJIII cKHraHKB Cr 0 Ha T3C. OCHOBHOil  

BKTiaa B yiuep0 HaNHoro aoa galoT jna :iaaa - I1p6b1'ia o rpalfct[opTnpoBKa. 41icno 

I{eCqaCmLlx csiyq-&-,B Co cMepTe3IbrnBM BCxooM epe,H IMaxiepoR np0Mb1uIJen}rn pa3aHTblx 

CTpaH B C&HM cocTaBjiBeT I ciiyaii B roa Ha 1000 pa5oraioiiwx 2 11. 
Oöwoc 110TI4 UT HCCCTHHX cJlytfaeB HB JTBIIaX Ot5bnLH H TpaHdnoprHpoBKu rolwnaa 

o YTU, HPI[XQWELLIHCCB Ha rou pa6omi EJOMHHaJmH0iI T3C MOI1H0CTb10 1000 MBt(.), 

rio oöO6WeHHbIM gailliblM (14, 291 coClaBnBloT: 

cny'iaen co cMepemHbiM BCXOgOM 	 3,4 

coHpairw}we rlp0L0rnIu4TeJlbHoc.TH )ICB3HH, qerroBeKo-JIeT 

aa C'eT CMepTeJThHblx HCXOZWB 	 102 

- 3a eqer TpaBM H HHBaJIr1HoCT}l 	 102 

ECEF 0: 	 204 
110TePR ipyocuoco6uocro, qenoaeleo-JTeT 	 102 

K Hal45031ee Ba>icHblM :)IanaM YTU oinocica: io5i,i4a YIJIB n crc nepepa6oma - ansi 

WEOpOBbB iiepcooajia, c)NBraHHC yrnq Ha T3C grist WEOpOBbsI cracexiewist. )ItpyrHe  iTaiihi 

YTU no CBBHC}1Jfl0 C yICa3aHBMMH C TOHI<H 3peHBB 06WeCTBeHHOr0 'JLOpOBb$l HMMT 

IlpeHe5pe)KFIM0 MasToc 311a4eHlle. 

OcHoBHDR npegHbIH 4a1<Top npii noeawoi o, B MeHbuIelt Mepe, ripti [1OBCXHaCrHO 

£o5bn1e yrH, NaN 14 riB LW6M'ie ypaHUBol4 pybl, - HbUlb. 

HecaiolpB Ha ro, 4To BHTKO3 - OLU4H 113 HaI400nee JnarorIpHsIruo uporeicaioux 

ITHeBM0K0I-ruo3oB, eMy UpHCYIBH OCHOEIHhIC Na'lecraa 3T051 rpynnbl 3a0oneBawiui - 13031111K-

Hoaeus{e CIICT$I 5-20 steT ITOCJT6 Haqajla B03ReHCmIIH B13ICOKIIX KoHr.eHTpaLuni nbIILll, 

i7porpecCi{poBaH6le 3a6o1eBawis1 iae nocrie npepaweiTug pa6OTbl FE KOHTBKTB C ITbLrtbEo, 

qacii,ie ocnQBHlelwB, cpe loropix Ba7cBoe MCCTO 3HBMCT Tyk5cpKyric, a Taic HOC-

na.ne}u1a HCFKHX, xpouwecxiie 6pOHxnTbI, bpoHxo-3NraToecKast OojIe3jm, 3M4lo3eMa 

TerKnx. HCCMOTPB Ha l43riecTHaIe LLOCTIOKemIH 13 OöJriICTII 133y4e111351 HIIeBM0KOHI4030U if 

001mOb1  C 110MB, flu 3a6OJIeBaH}EH, B 4aCTHOCTB, alupwo3 ii CHiH1KO-Bl-ITpBKO3, 3allllMa!Or 

Ba?KHoe MCCTO a rjaroyioriui waxTepoo, OolIbliiaBliwfx yromz,, icaK flff4HHB JIpeifcrwBpeMeH-

HOFf cMepnE. 

B epeguieM no CCCP 3al3oyleaaeMoCm 3a 0461 OcifonFEbix 430pM HPO43CCCHOHaJThIILTX 

pecrmparopix aaOoJreBa}{Hii HaxoF1rcsT y WXTCOB Ha YUBHC 0,15%-ni 1,5 cnyqaeB 

na 1000 qejToBeIc 13 rOn. HCXO4st sf3 Ffe06XO131MoCTH pa6omi B olli,eMe 3500 qejoBeKo-Jfer 

WEB oecneqenusg YMCM rooBoo paGomi T3C MOWHOCTbJO 1000 MBr (fl.)  ii ro, ynuepO 
nIepCOHaxry UT rlpO43eCCHOFiaJThHblx PCCflTEPBTOHb1X TaOorIeaanmii Ta roa coCTaHrtaeT: 

1,5 cyaea B ro• 3500 qeylooeieo-ner 
= 5,25 dlly4aeR 1000 pa6otai0wiix 

Ouenncoau ywepES 3aopoahEa Haceneurwi Or w6pocca yr0nlHb1x 3x1eifrpocTaHUo, 

14a1EOMRFIM, wto rogoaaui palSona uoMwianbuoii T3C ii eByHae UOTpOOHFHHII 4- 106 T yFiIfi 

rou (npo 30)m}JocT14 yrnst - 25%, llpoueure 3CKK11 30fl131 Ha gaBHO uTOcTpoeHHbIx 

CTB.H(H BX - 90%) O6ycJTaBJlsfBaer BblöpOC B aTMOC4lepy OKOjiO 10 5 r aonai, (1-2) 105T 



634 

I 

H 

BOPOIbEB ii KHH)IU4HI(OB 

C C 

I 
' 

U 

C 
C 

c' 

0 	 - 
II 

0 
I 

X 

2 '5 

I 	' 
I 
0 	0. 

OX 

I 

'0 

I) 
100 

E a 

I 

0' 

10. 
0 

I  

I 
I 

I 

I 

0. 



IAEA-SM-54/103 	 635 

I1B0KHCH Cephi, 4CCHTKF( TbLCWI TOHH OKIICJIOB a30Ta, COTHH TOHH yrJ1eB0op0oB, 01(0310 

100 T cfnopioa, 10-20 r MeTaJUIOB. OaKo B JlHTepaTYPC HMCIOTCH 11111111, ewH144Hbre  H 

BecaMa cna6o apryMeHn4ponalll-u,Ie OHeHKH B03MocHoro B11HJIHHH )THX BbthpoCoB Ha 

3400BC HaceJTeHHg. flIaBHoe BHHMaHIIC dnewainicron aO clfx flop npHBJTekaJI HaH5oJIee 

BecoMbill KOMIIOHeHT BbI6poCoB - AByoKHci6 cephl. Oma1(o Hapy C Hell lia fl1OCH 

BöJ114314 T3C He1436eHaIo C1.iCTByeT CJI0)KHblcJ KOMItfleKC cIJaKTopOB - HbIJICBMX 'iacmt 

30ThI, MBTaJTJIOB, OpraHHqecIcitx coeLjHeHHo 11 

OqeBRo, LOCTaT0 141I0 0HpaBLaH nogxoL, 11pM IcoTopoM 11POBOaHTC31 K0ppeJ1J11H-

OHHbIIj aHaJlH3 me -wgy H30bITo4Hon 3a5oJleBaeMoCmI0, o6yCJ1O13fleHH0 60X1C3H5MH )IerKHx 

H 6pOHXOB, H YpQBHCM 3aFpH3HeHHR Bo3yxa BceM KoMnJleKcoM BbIOpOCOB T3C. flpaaa, 

flH 3TOM OCTaeTC5I HeacHoH 1<aHLeporeHI-!aa POJIb MJ1(P01(0M110HHT0B alMoc(j)epHblx 

3PH3HHH - opl- aHH'IecKHx KaHHeporelloa, pHJa MeTaJIIJloB; He ]BblqCHelia POjlb B B03HH-

XH0BHMH paa "HeTsruleH " yronbHoH 303Ibl. 1CM He MeHCC, y1 HTh1BaB, 'ITO BbIOpOCbf yr03Th-

H014 3HepreTH}c14 BeCbMa OOcami BCCMH 3THMH JcallHeporellHo-onadHbIMll KOMI1OHeHTaMH, 

BC1 yroilbllaH JHepreTHKa orBeTcrBellHa npHMepHo 3a 30% 06ux BTMOCPHb1X 3arper3- 

ueHl{H, a ocHoallafi 'IacTb paca JIerKFIx BbBElaiia 3FP$I3HCWI3iMH aTMocepbi, npeLcraBJ!BeTcH 

060CHOBaHHBIM 0THeCTH 01(0110 20% cnoHraHHoH cMepTHocTT{ or paKa nerx 33 C'ii yroij-

HOlI DHepreTHKH [1 , 3]. FIpH yKa3aHHoM flooxoze pacer HoKa3bIBaeT, 'ITO paOoTa HOMH-

Ha)mH0H T3C B Teqernie roa BbI3atBaeT PHCX £onoJTHMTeJTbHoi cMepTHocTH 0KO1O 

290 cnyqaeB, a flp0HB30cTBo 1000 MBr( -i,) conpoxeiio C pHCKOM 360 onoJIH14TeJ1bHb1X 

cMepTei B roj cpeaH HaceJIeRH$1 OT paKa Jlerutx [29]. 

I1Melow 1 Iec31 31(CHCMMHIBJ1b1ib1C aHHb1e I1$1Mo yKa3blBa}oT Ha CIIOCO6H0CTb TaJdnx 

fcoMnoHeHToe ahlfipocoB T3C, KaK aona H 3,4-6eH3rupeH, Bbr3bIBam yqauleHlfe paxoBoFt 

3aOOJTCBaCMOCTH H floZTBepIWa10T flpaBOMepHoCTb npHBeLeHHoro Bawie noLxoia 

06ofluaR flpHBeeHHbIe BMIIIC cBeeHHt, cacaiowecsr BO3MOM(HOrO BJII&BIIHH BbIfl-

0C0B T3C Ha 3opoBbe HaCeJIel{ftH, npeLcTaBJTReTca B03M0)(HbIM flpHiiTH 1< 3aK1110'ICHHIO, 

'ITO BBI6pOCBI YFOJIbHOFI TJC IIPH'ffIHRIOT MHoroo6pa3HbIH Bpeg 3Z0p0Bb1O, B TOM 4HCJIC 

IloBarmaloT o6uyio CMCPTHOCTh, rlpefc31e acero, OT pecnpaopimix 3a60neBaHMf, a TaKe 

cMepTHocm or paoabix 3a6ojieBaFwA, cpegm KOTOphIX OcHOBHOe 3Ha'IeHHe HMeeT pax JrerxHx. 

0006WeMBale flaHHbIe, xapa1(TepM3yIouFte OCH0BH0f yep6 Ha acex y'IHTbIBaeMbIx 

3Tanax YTL, flpe)ICTaBneHbr B Ta6JLI1. 

MaTepllaobl TaOJLII yica3biBaTOT Ha TO, 'ITO B ciiyae YTU oCHOBHoci yuiepO  30p0Bl10 

nepcona.na (no noKa3aTeJlIo OonornmTejmllbrx CMepTeM) IIPHHOCMT flpOJ3a5OJ1eBaHRB 

(UHeBMOKOI-11103b1) ,a TaK)fce Hec'IacTHbIe CJIy'laH (B maxTax). OflpaalaeT Ha ce6H BHMMaHHC, 

'ITO ripH Clorree 3Ha4HTeJThH0M, 'IeM B cyuae C Yl 111, ywepfle 3eopoBaio Ha 3TarTeQo6bm 

TounHBa, yi.uepfl  B peaylrblaTe abifipoca YOJ1bHMMJ{ T3C oIpoMHbIx 1(OJIH'IeCTB ToKdH'Iec-

KHX BLUeCTB Ba MHOFO pa3 Baiwe. 

4. CPA BHEHI4E 0I1Er0 YI9EP5A 3L0POhtO  4EJJ0BEKA 01 $IJJEPHOFO 
Il YFOJThHOFO TOHJ1HBHMX UHKJ]OB 

B iaflji. III oflofluIeHbl 0r.eHKH o6uero yuepoa 3ThOOBbJO qeJiollerca UT YITU H YTU, 
[1OJJYVHHb1C B 0BX lTpeflbLrtylw4X pa3enax. 
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TABJ114U,A III. CPABHIITEMbHAM OUEHICA OblilElO YIiEPBA 3tOPOBbI0 

B TEEHHE roIJA OT J1ThEPHOFO I'I YrOJTbHOF0 TOHJJMBHbIX LUIRTIOB 
11P14 HOJiY'IEH[114 3HEPII414 1000 MBa (3n.) 

Oswilt yLuep6 01 BCCX [Ipi{'DH 

Bwayutepla 

	

B MTU 	 B YTU 

bcno cny'iaeB npearjreBpeMemiolt CMPTh 	 0 	 riO (20-600) 

Ozrier zoKpaueHsie np0JaoTlrs<HTCJILH0cT9 

rIOISHFI, qenoBeKo-JIeT 	 31 	 I -1 p4  

Oöutne norepsi Tpyriocrioco6uocnr. 

BeJIOBCKO-JICT 	 18 	 3,74'10 

3e3 y'iera uoaMo)losoro yritepôa ])OPOiIbiO 01 nepaoisvix sa601ieua}istlt, BWSMBaCMssX 
HeKaHLIeP0rCHHIIMH K0MII0IIHTM}J BbIGpOCOB T3C (SO r , NO 5 , pTyTh, runt, KS9MH8 H op). 

MaTepHaJml 3T014 TaOJulu.bl gBJIHloTcii apKHM cBufteTeJlbcTBoM Cy[UeCTBeIIHBIX orrrn-

'1MM B "tielieICOTOPYIO  ouiecTBo CBOM 3)OOpOBbeM rrnarwr HbIHC 3a Jlony4eHMe JRePT1114 

B SWPHOM It YFOJIbHOM TOFIJIMBUbIX lLHKflaX. 

C ygoBiierBopeMeM KOHCTaTHpy3i CpaBHMreflbHo atatuii ywepO i,na 30OOBMi Or 

upepHoM 3HCPFCTIiKH, a Tairsure B03MO)KHOCTb C0XHCHHB )KH3}1CII 11 3tOOBBB niotoest ilpu 

ee pa3BulTMsI, BMCcTe c TeM cneztyei  OTMeTHTh, iro Ft stepaa JHCprl43i FIMCeT CBOIO "LIeHy" . 

UocKonbKy ara itea nipa<aeica a yu3ep 6e 3rLopOBbIO, a TaK)KC OKpy)<aJOLUel{ cpege, 

cneliyeT crpeMulmcui cHuDKam "ce6ecl014Moclb"  uwepHoH JFiCiFIKH rio paCcMaTpIlBaeMbJM 

no1K331ITeJLEM. Oc050e BilItMaunle 3acjiysIcnBaioT ie BOiTpOcbI iS npo6neMbl, I<OTOPble MCI T 

noBecTif K BoapacrarnIlo " LIeHbl" H,IJepFIoH siepnrn a 6ylynleM. 
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DISCUSSION 

B. SØRENSEN: What degree of stack effluent cleaning is achieved in Soviet 
coal-power plants? 

E.I. VOROB'EV: An average of 90% of ash is trapped by filters at coal-fired 
power plants. 

B. SORENSEN; Do you have any estimates in your country of the probability 
of a core melt-down accident in a nuclear power plant? If so, do your estimates 
differ from those of WASH-i 400 (about I 0_4  per reaetor-year? 

E.I. VOROB'EV: We ourselves did not estimate the accident probability in 
our calculations, but the probability of a core melt-down accident in the Soviet 
Union is extremely low -- about 10. 

J. DELFiNER: Would you recommend that studies of the impacts and risks 
of decommissioning nuclear power plants be compared with those of decommis-
sioning coal-fired power plants, and that such studies be included in the overall 

comparison of the two systems? 
E.I. VOROB'EV: That is a good point. Our paper did not consider the 

decommissioning of plants, but the type of study you refer to should be carried 
out in the future. 
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Abstract 

ASSESSING SYSTEMWIDE OCCUPATIONAL IIEAt.TH AND SAFETY RISKS OF ENERGY 
TECHNOLOGIES. 

Input-output modelling is now being used to assess systemwide occupational and public 
health and safety nsks of eneigy technologies. Some of the advantages and disadvantages of 
this method are presented and some of its important limitations are discussed. Its primary 
advantage is that it provides a standard method with which to compare technologies on a 
consistent basis wtthout extensive economic analysis. Among the disadvantages arc limited 
range of applicability, limited spectrum of health impacts, and inability to identify unusual 
health impacts unique to a new technology. 

1. INTRODUCTION 

Many renewable energy sources are relatively benign with 
respect to direct public health risks because their normal 
operation produces no pollutants. For this reason comparisons 
of renewable energy sources with conventional energy sources 
tend to show the renewables as having no risk at all. Renewable 
sources of energy are more diffuse than conventional sources, 
however, and therefore consume more materials and labor per unit 
of energy delivered. As a result, their occupational health 
risks can be significantly different, not only in direct 
fabrication and construction of the devices themselves but also 
in the materials supply sectors required to support them. 

The two methods that have been developed to address this 
issue are process analysis and input-output analysis. Process 
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analysis is based on identification of important materials 
required to build and operate energy technologies, tracing flows 
of these materials back through the supply system to their 
source, and assessing occupational and public health impacts of 
each transfer or transformation of the materials. 5  The 
process is analogous to that used for assessing health impacts 
of conventional fuels by tracing through the fuel supply 
system. 6  

Input-output analysis for health impact assessment is based 
on economic input-output models which trace throughout the 
economic system total dollar flow created by demands by energy 
technologies for goods and services. Occupational and public 
health and safety risks are assigned for each industrial sector 
of the input-output model in proportion to the amount of 
activity generated therein (Figure l). 

The advantages of input-output analysis over process 
analysis are straightforward. First, input-output analysis 
places no boundaries on an assessment. Estimates include all 
activity in the entire economic system. There is no need to 
decide which materials are sufficiently important, either 
economically or with respect to occupational or public health 
and safety, to be included. Often one cannot determine whether 
or not a material is important without making the assessment 
first, so process analysis can require difficult and tedious 
analyses which add little to the final result. Second, 
input-output analysis is based on a single set of economic and 
health impact coefficients, used consistently in all 
assessments. There are no problems with differential data 
availability among different technologies, and the level of 
uncertainty is the same for all technologies. In effcct, 
input-output analysis provides a consistent economic and health 
scenario within which to compare impacts of different 
technologies. Third, once a suitable model is built, 
input-output analysis is easy. It is based on engineering cost 
estimates broken down by individual technology components. 
These estimates are readily available even for newly developing 
energy technologies. Often they are the only data available 
having the rigor required for quantitative health impacts 
assessment. 

The limitations of input-output analysis for health impact 
assessment are less straightforward. The input-output method 
sacrifices ease of interpretation for ease of use. This paper 
presents some of the problems and discusses how they can be 
avoided or solved. It also discusses the nature of the various 
results that can be obtained from the input-output method and 
their significance for policy analysis. 
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2. MODEL COEFFICIENTS 

The input-output model used at Brookhaven National. 
Laboratory (BM.) has 110 economic sectors, the iricerindustry 
coefficients for which are based on 1967 data projected to 
1985. 8  Although interindustry coefficients tend to be 
relatively stable, 18 years is clearly a long time interval over 
which to project what are essentially technologically based 
relationships. This is especially true for the near future in 
which relatively large-scale technological changes can be 
expected to result from responses to high energy costs. 

f-tore recent input-output coefficients are available and we 
plan to incorporate them into our model. The problem with 
projection into the future, however, remains. 

The health and safety impact coefficients by industry used 
in the BNL model are limited to those aeidents, injuries and 
fatalities that arereportable under the Occupational Safety and 
Health Act of 1970. 9  They include total cases, lost workday 
cases, nonfatal cases without lost workdays, and lost workdays 
for injuries and illness. These data are broken down by 
Standard Industrial Classification (SIC) codes to two, three 
and four digit levels. Because there are few reportable 
occupational fatalities, total fatalities are given in eight 
aggregated categories, broken down into 14 causes of death. 

Occupational illnesses include any abnormal condition or 
disorder (not resulting from injury) recognized to be caused by 
exposure to environmental factors associated with employment. 
Illness not so recognized and continuing cases from previous 
years are excluded. Unreported illnesses can include those 
whose relationships with environmental factors are not 
understood by the persons responsible for reporting (or by 
anyone else, for that matter), or those having iong induction 
times for which relationships are obscured by time and worker 
mobility. With respect to energy technologies, illnesses 
omitted include occupational cancers from radiation and organic 
carcinogens in fuels. Some iaiportant longer-cern exposure-- - 
health relationships, such as black-lung disease in coal miners, 
are recognized and reported, however, so the treatment of this 
kind of information is not consistent. 

Occupational injuries include those caused by work 
accidents or from a single incident of acute exposure to 
environmental factors associated with employment. These should 
be recorded If they result in death, worktime lost, medical 
treatment other than minor first aid, loss of consciousness, 
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restriction of work or motion, transfer to aot1ier job, or 
termination of employment. These do not include injuries 
outside the work environment caused by delayed reactions to 
occupational exposure or stress etc. Work-related suicides and 
automobile accidents might be extreme reactions to job stress, 
for example; ulcers or small accidents arising from inattention 
are less extreme examples. 

The health and safety impact coefficients available for 
application in input-output models are limited, therefore, to a 
specific subset of health problems. Most probably this subset 
represents a large proportion of the total, but the proportion 
is unknown. The subset does not necessarily represent a large 
proportion of the health and safety impacts about which the 
general public is concerned, however- The general perception of 
many small accidents may be that they are a known and accepted 
part of work. Persons who routinely work with knives are 
expected occasionally to get cut. Longer-term problems such as 
occupational cancers not included in these data are, in 
contrast, viewed as unacceptable risks to which no-one should be 
exposed unnecessarily. The relative significance of the subset 
of accidents and illnesses included in these data is therefore 
unclear. 

There are also significant aggregation problems with the 
input-output coefficients, the health and safety impact 
coefficients, and the labor intensity coefficients used to 
convert dollars of activity in an industry to worker-hours of 
labor. The problems are similar for all coefficients... 
industries are grouped in ways that cause combinations of 
industries, health risks, etc. that are unrealistic when applied 
to a specific analysis. Since it is not feasible to model all 
industries, some aggregation problems are inevitable. It is 
possible to minimize them by careful aggregation specifically 
for an analysis. The effort required, however, is 
disproportionately large compared to the expected gain in 
precision. Therefore, we must usually accept aggregation 
problems as a penalty for using an existing set of data. 

Perhaps the most important potential limitation of the 
input-output method of risk assesSment is that it includes only 
conventional risks from conventional activities. It does not 
consider possibilities for new risks from new technologies. 
Health impacts of exotic toxic metals used in high-technology 
photovoltaic systems are ignored, for example, as are radiation 
effects from conventional nuclear technologies. This 
disadvantage can be turned into an advantage, however, because 
the method is so much easier than competing methods that more 
time can be allocated to assessing special problems associated 
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with specific technologies not common to other industrial 
activities. 

Estimates of public health risks using an input-output 
model must be based on risk per dollar of production in each 
model Sector. 	This can be based on detailed studies of the 
industries making up that sector or on estimates of air and 
water pollution generated per dollar of production, with some 
appropriate transformation of pollution estimates to estimates 
of health risk where possible. in most cases, transformation of 
pollution loadings to public exposure is impossible, so the 
loadings estimates must be used as indicators of potential 
public health problems. I know of only one input-output model 
able to make detailed estimates of environmental residuals.. 
U.S. Environmental Protection Agency's SEAS model. 10  

Estimates of environmental residuals are not normally 
expressed per unit of production, and the conversion is 
difficult, time-consuming, and demanding of data. I assume, 
therefore, that any input-output models developed in the near 
future to generate estimates of environmental residuals will 
rely heavily on those of the SEAS model. 

3. SiGNIFICANCE OF MARGINAL ANALYSES 

The input-output method of health risk assessment is based 
on estimates of impacts of fabricating components and building, 
operating, maintaining and decommissioning a single unit of an 
energy technology. For ease of comparison results are reported 
per unit energy delivered. 	The unit analysed may not be a 
single facility. 	Instead, it is that portion of larger 
facilities (or that combination of smaller facilities) required 
to produce the unit delivered. Technology costs are 
disaggregated to the Sectors of the input-output model and 
entered as final demands. 

This adaptation of the normal input-output format involves 
a number of important implicit-assumptions. First, entering the 
technology as final demands implies that it makes no 
contribution to the economic system, or that the contribution is 
so small that its contribution is not significant to the system. 
Results reflect the impact of addition of a single unit to the 
existing system. For a small unit of end-use energy, such as 
1012 Btu's for example, this assumption is clearly valid 	These 
results cannot, however, 	be extrapolated to large-scale 
additions of that technology. A system in which a new source of 
energy is important would have different coefficients from those 
now in use. 	Large-scale additions of a new technology would 
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change the economic system by supplying sufficient energy to 
affect the relative mix of sources of energy available and by 
creating new industries or expanding existing industries to meet: 
demands for new products. This affects both the interindustry 
transactions coefficients and in the 1NL input-output model, 
the energy supply coefficients. 

A second implicit assumption of a marginal input-output 
analysis is that workers are available to provide the necessary 
labor. Again this assumption is valid for small units of a 
technology, but would not necessarily be valid for a large 
increase in production of new energy technologies which would 
produce correspondingly large interindustry shifts in employment 
with associated disruption and temporary unemployment:. 
Estimates of occupational health risk would then have to account 
for these movements to determine where workers on the new 
technologies had come from, and for unemployment, the health 
risks of which are relatively high. 

To account properly for differences between a marginal 
addition of a new technology and a system having that technology 
in significant amounts would require an economic analysis of a 
specific scenario. For each technology studied, economic 
mode.lfng would be required to determine how the system would 
change in response to new demands for goods and services, to 
determine the changes this response would produce in the 
coefficients of the input-output model, and to determine how the 
labor force would respond to changes in the job market. This 
would be a huge project well beyond the scope of most health 
impact assessments. 

4. NATURE OF RESULTS 

The standard estimate of occupational health and safety 
risks of energy technologies has been total systerawide worker 
days lost per unit energy delivered. This estimate is intended 
to represent total occupational risk of the technology to 
society as a whole, and it is based on the proposition that all 
risk should be allocated to the driving force that caused the 
activity creating it. While this estimate may be useful for 
many analyses, it is not the only appropriate measure. It also 
has several problems. It ignores, for example, what the workers 
involved would have been doing had they not been providing the 
goods and services necessary to build and operate the new 
technology. Everyone is subject to some risk, at all times. 
Were the labor force otherwise employed, the workers would have 
either been unemployed, in which case they are subject to 
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significantly different risks from employed persons, or they 
would have been employed in some other industry. In addition, 
because of the nature of the economic system and the 
input-output model, estimated total systeinwide risk tends to be 
a simple linear function of cost per unit energy delivered 
(Figure 2). More expensive technologies employ more workers who 
are exposed to greater total risk. The question of whether or 
not these workers are better off for having been employed in 
this manner is not considered. 

A better estimate of risk is that faced by the average 
individual worker per unit effort: days lost or fatalities per 
100 worker-years. This estimate captures what matters to 
individuals, but it may or may not capture the concerns of a 
policy analyst. They depend on his perception of what is most 
important to the society. This estimate also ignores what the 
workers wnuld have been doing were they not involved with the 
new technology. If all workers employed in producing new 
technologies were formerly coal miners in deep mines they would 
clearly be better off. Coal mining is risky. 

The estimate of risk that accounts best for all important 
considerations is net risk per unit effort compared to some base 
risk. This estimate attempts to account for how workers would 
have been employed were they not Involved with the new 
technology. Several bases for a net risk estimate are available 
without the necessity for extensive economic systems analyses. 
One night assume that one new technology is sufficiently like 
another for the workers to be considered to have come from an 
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average pool of workers. 	The energy system is, however, 
undergoing a major change in structure, so this assumption may 
not be valid. A more reasonable assumption is that a new 
technology displaces an old one or substitutes for a competing 
new technology. One might assume, for example, that any energy 
provided by a renewable energy technology is displacing that 
which would have been provided by imported oil. An alternative 
assumption is that use of imported oil is on the decline and 
that any energy produced by a renewable technology would 
otherwise be provided by coal. 

As an example, 1°igure 3 and Appendix 1 show total 
systenwide risk, average relative risk per worker, and net risk 
compared to coal for 12 renewable energy technologies. Appendix 
2 shows the representative coal fuel cycle against which they 
are compared. It is apparent that major differences in 
interpretation of the relative risks of energy technologies are 
possible depending on the risk estimate chosen. Residential 
photovoltaics have extremely high total systemwide risk, for 
example, but a relative risk per worker, which is 13 percent 
lower than that of the representative coal fuel cycle (Table 
1), It is the least risky of the renewebles with respect to 
individual workers. The high estimate of total systemwide risk 
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TABLE I. SYSIEMWIDE OCCUPATIONAL HEALTH AND SAFETY RISKS 
OF SELECTEI) RENEWABLE ENERGY TECHNOLOGIES 

Net Risk Compared to a 
Representative 

Coal-Steam Fuel Cycle 

Acctdnts & 
Illness Fatalities 

Technology (0 	Difference) (B Difference) 

Residential Photovoltairs -13.0 -7.7 
Central Station Photovoltaics -12.0 -34.0 
Passive Solar Heating -7.5 -15.0 
Active Solar Hot Water 2.2 38.0 
Active Solar Heat Heating -1.1 -7.7 
Active Solar Heat S Cool -5,5 -15.0' 
Industrial Process Heat -2.2 -7.7 
Acaerobic Digestion 4.4 54.0 
Wood Pyrolysis 56.0 -35.0 
Residential Wind, 	No Storage 11.0 -34.0 
Residential Wind, 	Batteries -2.2 35.0 
Central Station Wind 11.0 -32.0 

arises from high employment required to produce the technology. 
This could appear to many to be the ideal technology ... one 
which employs many persons at low-risk jobs. 

In contrast, wood pyrolysis has low total systemwide risk 
and high relative risk per worker. This is in part because most 
of the cost of wood pyrolysis system is the wood fuel, and 
logging is among the riskiest of industries. 

Note from Table I that a different interpretation would be 
made were fatalities per unit effort used as an estimate of 
risk. This difference arises in part out of real differences in 
relative accident and injury rates compared to fatality rates 
among industries, and in part from aggregation problems in the 
fatality data. Statistical aggregation of fatality data is 
required to obtain aieaningful sample sizes, and the aggregation 
combines industries by general type rather than relative risk. 
Thus occupations having large differences in relative risk are 
combined, reducing the sensitivity of the model to differences 
among technologies and increasing the confidence interval of the 
results. 

To compare health risks of competing technologies, they 
should be normalized to the same end use. The results presented 
here have not been so normalized, partly because they cannot 
be. lood pyrolysis and sludge digestion, for example, produce 



IAEA-SM-254/64 	 649 

gas, and end-use devices to burn that gas are not included in 
the analysis. They could be added, but little would be gained 
since gas-based end-use devices have limited substitutability 
for electrical end-use devices. Gas Is used primarily for 
residential heating. While it is possible to generate heat by 

electricity, there are better ways to obtain heat for this 
purpose 1  so there is limited likelihood in the future that gas 
and electricity will be direct substitutes one for another. If 
they cannot reasonably he substituted in some common end use, 
then they should not properly be compared directly with respect 
to health impacts. 11any of the renewable technologies presented 
in this report, however, produce electricity, the end use of 
whIch is independent of the source. Some (domestic hot water, 
domestic heating and cooling) produce energy for which 
electricity is a likely substitute. In such a case, the 
electrical end use device (water heater, heat pump) and 
transmission lines should be added to the analysis. 

5. CONCLUSIONS 

Input-output nodding for health risk assessment has 
significant advantages over competing methods, but some caution 
should be used in interpreting its results. These results are 
not generally applicable to a large range of circumstances. 
Basically, they reflect the risks associated with a small 
increase in a specific technology over the existing system. 
They do not apply to well-developed new technologies providing 
significant portions of the total national energy supply, and 
they do not apply to designs based on significant technological 
advancements over that currently available. 

Some care should also be taken that comparisons among 
competing technologies be made on an appropriate basis. To be 
compared directly, technologies should be directly substitutable 
in the Same end use. 

Units of comparison should be relative risk or net risk to 
avoid misinterpretation of employment effects. Choice of a 
basis for net risk assessment depends on decisionmakers' 
perceptions of the role of the technology under assessment. 
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DISCUSSION 

B. SQRENSEN: 1 would like to make two points. First, the health impact 
you cakulate for new technologies assumes in effect that these technologies arise 
in existing faciltjes. In many cases a new technology would require a new 
production line, with different options in terms of labour intensity and automation 
among other things, so there is realty no unique impact. 

Secondly, since your system-wide effects scale with cost, your comparison 
of impacts of new energy systems really reflects your cost estimates. I find this 
questionable (in Denmark, for example, residential wind power is cheaper than 
central wind power). 

M.D. ROWE: With regard to your first point, production of the subcomponents 
of an energy technology must be assigned to the industries most similar to those 
expected to exist in the future; these may well he different from those currently 
involved. For example, having assigned windmill blades to the aircraft industry, 
I recently learned that wooden blades are superior to metal and fibreglass ones 
and that these new blades are in fact built by the pleasure-boat industry. One 
would not, a priori, assign windmill blades to the boat-building industry without 
careful consideration of the nature of the production process. 
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As for your second comment, the technologies used in our preliminary 
assessment are not intended to be generally representative of future processes 
but are specific technologies described in the literature. 

H. INFIABER: In your reply to Dr. SØrensen, you implied that the assumptions 
made in input-output analysis are as great as in process analysis, yet you stated in 
your paper that one of the drawbacks of process analysis was the large number of 
assumptions which had to be made. Could you comment on this? 

M.D. ROWE: Both methods require many important assumptions, input-
output analysis requires a few large assumptions while process analysis requires 
many small ones. In my opinion, a few large assumptions are easier to under-
stand and take into account. 

H. INHABER: I have two further points, First, assume that you have two 
solar collectors (or nuclear reactors), identical in every respect except that one 
costs twice as much as the other. According to your Fig.2, this would mean that 
the risk associated with one collector would be twice that associated with the 
other, This does not seem reasonable. 

Secondly, you stated that the methods described gave the total loss to society. 
This is not so: occupational risk is included, but public risk has been omitted, 

M.D. ROWE: In reply to your first point, the transaction coefficients of 
the input-output model are industry averages. A technology costing more is 
therefore assumed to require more goods and services to produce. Differences 
attributable to more expensive materials of the same general kind must be 
accounted for, with the technology components entered into the input-output 
model carefully specified. 

As regards your second remark, the method itself is capable of assessing 
total health impacts. This paper, however, discusses only the occupational 
health component. 

W. PASKIEVICI: Have you tried to apply both techniques (process and 
input/output analysis) to the same fuel cycle? if so, what results did you obtain, 
and are the differences significant? 

M.D. ROWE: We have made a preliminary comparison of a coal fuel cycle. 
The results were fairly similar but the uncertainty of the data was very high. We 
plan to carry out a more detailed and carefully controlled comparison of a 
photovoltaic energy system within the next few months. 

A.J. DA CONCEIAO SEVERO: in Table I, the number of fatalities under 
the heading 'active solar hot water' is 38% higher than for a representative coal 
steam fuel cycle. Could you explain this? 

M.D. ROWE: The input-output model contains 12 100 individual transaction 
coefficients, so it is rather like a 'black box'. Analysis of the structure of its results 
can explain some such differences. I refer you to the report in Ref.[71 from 
which Table 1 was taken. 
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R.M. L3ARKHUDAROV: You use the same risk concepts (mortality, reduced 
lifespan and so on) as other authors. You also present a detailed economic analysis 
of the technologies involved, and I should like to know whether you also carried 
out an economic assessment of the resultant health impacts - in other words, did 
you assess the economic loss due to death or reduced lifespan? 

M.D. ROWE: No, we did not, but we plan such assessments in the future. 
J. DELFINER: Did you include in your analysis the impacts and costs of 

setting up medical facilities and training medical personnel to handle accidents 
associated with nuclear power plants and accidents resulting from the transport 
of hazardous fuel materials to power plants? 

M.D. ROWE: No. These are specific problems which are not well suited 
to analysis by the input-output method. 

C. RiCHMOND (Chairman): If I understood you correctly, you said that 
the input-output methodology was not all 'written down' and recorded because 
of its complexity. If this is the case, ¶ would urge you to do so in order to make 
it available for use and review by the scientific community. 

M.D. ROWE: I was referring to the projection into the future of changes 
in input-output inter-industry transaction coefficients. A great deal of 
experience and intuition is required, and these intuitive projections tend not 
to be well documented. 
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Abstract 

OCCUPATIONAL RISK INDUCED BY CONSTRUCTION OF ENERGY-PRODUCTION 
CHAINS: METHODOLOGY AND EVALUATION IN FRANCE. 

The Centre d'étude sur l'évaluation de Ia protection darts le domaine nucléaire has been 
conducting studies for several years on the comparison of health and social effects in various 
electricity production chains; the global results of this research are presented in paper 
IAEA-SM-254/5 I by Fagnani et al., at this Symposium. Attention should be paid to a 
particular area in rIsk evaluation: the calculation of effects during the construction stage. The 
method used, the Leontieff macro-economic analysis, should be examined in detail, for it is 
a powerfLil fool whose uses go well beyond risk calculation. Moreover, it is at this stage that 
the richness and ambiguities of occupational risk measurement appear most clearly. As this 
is a major factor in the evaluation of risks generated by techniques of electricity production, 
It is important to show how it is calculated and, especially, how comparative evaluations 
have been interpreted. Three conventional production technologies are examined (PWR, oil 
and coal) and two solar-powered (a thermal system extrapolated from the Themis plant built 
in France and a photovoitaic process). The production scenarios are adapted to the French 
context, with the location of the installations and the origin of the fuel clearly spelled out. 
The results of this evaluation are striking: with the exception of coal, which is a labour-
intensive industry, a very large portion of occupational risk can be traced to the construction 
phase (from 67% for the PWR system to 97% for the photovoltaic process). Even in total 
health risk (occupational and public), construction accounts for a preponderant share. In fact, 
this risk should be compared to average occupational risk in the economy at large, i.e. that 
to which workers in electricity production chains would be exposed if they worked elsewhere. 
This is the meaning of the 'reference level' pointed out in the study. 

INTRODUCTION 

Like other studies, CEPN's comparisons of various electricity production 
chains during the operating stage (nuclear, coal, oil, thermal solar and photo-
voltaic) point to the quantitative importance of occupational risk 11-  However, 
as we are dealing with heavy industrial installations in many cases, relatively 
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little manpower is required for operation in comparison with the construction 
stage. it seems that the risk related to operation is only the tip of the iceberg if 
global risk, including construction, is evaluated. 

PRINCIPLES OF COMPARISON 

The risks studied have been normalized to the quantity of energy produced, 
the unit used being TW. h. 

Five electricity production chains coal, oil, nuclear (PWR), solar thermal 

and photovoltaic - are compared. The need to take into account the risks of 
entire production systems leads us to include in the comparison not only the 
power plant but also the other elements, from the mining of fuel to the disposal 
of waste. To make a valid comparison, the quantity of electricity produced is not 
sufficient: it should have the same usefulness or value. The best way to satisfy 
this criterion is to have each system play the same role in a samesupply-and-
demand scenario. Next, as a given technique is not enough to define a real chain, 
the geographical, logistic, economic and regulatory context is specified in each 
case by an energy-acquisition scenario, except in the case of the solar system [ij. 
One must then calculate the impact of the construction necessary between 
1980 and 1990 for the system under consideration so as to meet demand by 
1990. 

Two indicators commonly used in this type of study measure risk: individual 
occupational risk is quantified by the number of deatjs in relation to the number 
of worker-years. Collective occupational risk is calculated by using an aggregate, 
the number of equivalent working days lost' owing to work accidents and 
occupational morbidity 1 . Economic analysis also leads us to use other values, in 
particular manpower and investments. 

2. METI-101) OF EVALUATION 

To calculate impacts due to setting up installations, two methods are possible. 
The first consists in counting manpower and risks on the worksites themselves. 
This has so far been the method commonly used to introduce construction into 
risk evaluation [2--51. In France, studies of employment due to construction 
were also available, but results differ significantly. This is because certain surveys 
look only at the worksites while others also count suppliers, and others even 
count sub-contractors. 

The equivalent used is 1 death = 6000 working days lost. This value is used both in 
French and US statistics. 
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The problem is to define the limits of what constitutes the industrial 
activities that go into the construction of an installation. Moreover, these limits 
should be homogeneous for all the equipment. To obtain coherence, a simple 
method is to adopt the macro-economic approach found in the Leontieff model. 

To take into account activities induced' in the necessary economy, one 
must formalize the technical and economic intercfependencies that exist in the 
national system of production. This is the point of departure for the Leontieff 
model, also known as input-output analysis. Companies manufacturing the same 
product are grouped into categories called 'branches'. The national accounting 
system gives production figures for each branch and its purchases in other 
branches, called intermediary consumption', in the form of an input-output. It is 
then possible to define a ij  'technical coefficient', a ij  being the quantity of 
product i necessary to manufacture one unit ofproductj. The underlying 
hypothesis of the method is that these coefficients are constant and represent 
technical constraints in production. 

With the use of matrix A of these coefficients, it is possible to calculate the 
quantities of each product necessary to satisfy the ultimate demand for a given 
product. To satisfy demand Y, it is necessary to produce X = AY to produce X, 
one must produce AX, and so forth. The process is convergent and, in the end, 
one must produce 11 + A + A 2  + ... + An 4- ... Y. 

To return to the problem under consideration here, investments are broken 
down into demand for buildings, machinery and so forth (direct impacts 
the increase in production generated in each branch by these demands is then 
deducted (indirect impacts: [A + A 2  + ... 4- A + ...} Y). Once this principle 
is adopted, the problem can be broken down into four stages, in the following 
order: 

Stage 1: An inquiry is conducted among enterprises in the electricity-
production chains. One must not only discover what investments are needed for 
construction of all the elements in the chain but also evaluate them in terms 
of national accounting. The investment for specific equipment (e.g. a PWR 
nuclear plant) can then be compared with a conventional industrial demand. 
These data are then aggregated for all the elements in the fuel cycle apportioned 
to each industrial branch to give the tota' investment necessary to set up the 
production system. 

Stage 2: The investment is entered into the Leontieff model, which gives 
the necessary increase in production to satisfy demand, 

Stage 3: The manpower is determined by dividing for each branch the 
growth of the production by the productivity (given by the National Accounting 
System) 161. 
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TABLE I. RISK RATE BY FRENCH NATIONAL INSTITUTE OF 

STATISTICS AND ECONOMIC STUDIES (INSEE) BRANCHES 
(France -. 1976 -- Cerise nationale d'assurance rnaladie) 

INSEE branch 

TO? Ferrous metals 

T1O Glass manufacturing 

TI I Chemicals 

Ti 4 Mechanical construction 

115 Electrical construction 

Ti 6 Transport material 

TI? Shipbuilding 

120 Wood industry 

T24 Building and pobiic works 

Accidental deaths per 	Working days lost due to 
1000 worker-years 	accidents per worker-year 

0.129 
	

3.106 

0.06 
	

2-37 

0.125 
	

1.70 

oi ig 
	

2.95 

0.06 
	

1.66 

0.02 
	

2.47 

0.20 
	

4,83 

0.12 
	

2.89 

0.40 
	

5.6$ 

Average for France 
	 0.14 
	

2.19 

Stage 4.-  Occupational risk is deduced by using the risk rate for each 
industrial activity established by the Caisse nationale d'assurance maladie [61 
(Table 1). 

3. CONSTRUCTION OF ENERGY-PRODUCTION SYSTEMS IN FRANCE 
DURING THE 1980s 

Initially, risk life manpower and the financial investment are 'capitalized' in 

equipment that is not yet in operation, and are completely independent of 
production conditions. One approach is therefore to describe the impacts of 
construction as they will occur during the I 980s, the decade chosen to define 
Scenarios. 

Investment structures necessary for the various conventional chains are 
similar; they are characterized by a high proportion of mechanical construction', 
which is in fact typical of most conventional industrial installations (see Table II). 
Solar techniques are different, for they rely more heavily on chemicals and 
glass. 
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We can jump one stage to look at the manpower employed in construction 
(Fig. 1). The input-output model is characterized by a multiplier effect, here 
1.7; i.e. for 100 jobs directly derived from the investment, 70 are 'induced' in 
other branches of the national economy. This distinction appears in the figure 
and can also be seen in the direct employment category. We have also shown the 
proportion of these jobs within the country. The figure is quite low for coal, as 
almost all mining and logistic investments are made outside France. The highest 
proportion of manpower used in France is found in the nuclear chain: during an 
average year it accounts for 120 000 persons. However, by 1990 the nuclear 
industry will probably not employ more than 25 000 persons to operate the 
power plants. 

Using accident rates, we can now examine occupational risk. The average 
annual risk for Construction over this decade on a world level is 300 000 equivalent 
working days lost for the oil scenario and 550 000 for the other two scenarios. 
These figures should be compared with those of annual operating risk: 60 000 
working days lost for oil and 150 000 equivalent working days  lost (including 
induced radiological effects) for the nuclear chain. On the other band, the annual 
risk for coal is notably higher during operation (1 700 000 equivalent working 
days lost) than during the construction stage. 

This paper highlights the contrast between a labour-intensive industry (coal) 
and the two capital-intensive systems (oil and nuclear). The ranking is not the 
same as for operation. Moreover, risk during the Construction stage is nearly 
proportional to the manpower employed. Individual risk is on the order of 
0.16 deaths per 1 000 man-years. 

4. RISK IN RELATION TO ENERGY PRODUCED 

To compare total occupational risk with production, the following formula 
is used: 

Total risk = Construction risk + (operating risk) X (operating lifetime) 

(annual production) X (operating lifetime) 

It is thus possible to calculate the risk for each system (see Table Ill). Here the 
justification for taking construction into account becomes patently clear: 
it represents almost the entire risk for three systems and almost two-thirds for 
the nuclear chain. 

The differences obtained are great enough to obtain a significant ranking 
for oil, nuclear, solar and coal. This is true for average values, but a marginal 
approach can reverse this ranking. Thus the risk associated with an oil-burning 
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'000000-looeoO 

OL  

I, 

5o0000-50000 	.'/ 
IN 

FRANCE 

- 

JSTO4M 

POVE 

INDUCED 

EMPLOYMENT 

DIRECT 

EMPLOYMENT 

FIG.]. Fmp!oyrnent eyeatd by construction a ccorc1ing to scnarirn of coni.vnuonal energy 

chains: perk4 of construction 1980 1990 (296 TW- h in France in 1990). 

plant using North Sea oil is estimated at 1500 equivalent working days lost for 

I TW h. At the other extreme, the risk of a coal-burning plant located next to 
an open-air mine with broad seams can be estimated at 1000 equivalent working 
days lost for I TW . h, i.e. ranking is reversed. 

Alongside collective risk, it seems useful to consider individual risk (see 
Table IV). Here, ranking is not the same: the thermal solar system presents the 
least risk for a worker. Coal is the most dangerous, white the nuclear chain seems 
relatively safe. As individual risk decreases for the most recent chains, technical 
progress might be one explanation. The small proportion of specific risks 
(theoretical effects of radiation exposure, pneumoconiosis, etc) is striking when 
one remembers that the debate on nuclear energy and protection measures 
adopted have centred on just these risks. 

in addition to individual risk, the required manpower accounts for the 
differences found in collective risk. A reference level,the risk encountered if 
the workers were working elsewhere (425 equivalent working days lost for oil, 
9S5 for PWR, 1395 for coal, 2950 for solar thermal and 1320 for photovoltaic), 
is necessary when comparing collective risk. Surprisingly, some chains, such as 
solar thermal, seem to be risk-saving from this point of view. 
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TABLE IlL COLLECTIVE OCCUPATIONAL RISK INCORPORATED IN 
PRODUCTION OF 1 TW h 
(Unit: number of equivuient working days loch 

Oil 	PWR 	Coal 	Solar 	Solar 

thermal 	pholovoltaic 

Total risk 	 1  432 	1320 	930 	2620 	1490 

Share of construction 	86% 	6 7 % 	117 	8717 	9750 

a Without taking into account 55 equivalent working bays lost for dismantlrng. 

TABLE IV. INDIVIDUAL OCCUPATIONAL RISK INCORPORATED IN 
PRODUCTION OF 1 TW . It 
(Unit: number of deathr per / 000 man-years) 

Oil 	PWR 	Coal 

Total 	0.16 	0.22 	0.62 

(0.16) 	(0.15) 	(0.50) 

Note: Numbers in parentheses are common risk, 

Solar Solar France 
thermal photovoltaic (average) 

0.13 0.16 0.16 

(0.13) (0.16) (0.14) 

5, CONCLUSION 

Inclusion of construction in risk evaluation is valid, since it constitutes 
almost the entire risk in certain systems. The transfer of risk from operation to 
construction is clearly shown in the most capitalintensive chains (solar, oil). 
One of the results is the small portion of specific risks in the chains. While 
theoretical calculations give seven radiologically induced effects for workers in 
the nuclear chain in 1990, there will be. 23 deaths on building sites and in work-
shops during the construction stage. Though this is common for such a major 
industrial undertaking, and will have no effect on public opinion, it is a large 
rislc,which justifies preventive measures, even more so because construction is 
undoubtedly one of the areas where the global risk of energy chains can be 
effectively reduced. 
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The Leontieff analysis goes well beyond the limits of occupational risk. In 
this way, collective risk can he relativized in relation to employment created by 
the chains. Above all, this type of macro-economic analysis evaluates the needed 
parameters and provides the logical framework in which a cross-comparison 
between risks and other essential social and economic criteria can be made. 
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Abstract 

ASSESSMENT OF ENVIRONMENTAL IMPACT OF COAL-CONVERSION AND OIL-
SHALE TECHNOLOGiES. 

The paper summarizes current efforts of the US Environmental Protection Agency in 
assessing environmental impact of coal-conversion technologies and oil shale, referred to as 
synfuel. These efforts include the identification of representative processes for each technology 
which will be evaluated, e.g, surface or subsurface mining and surface retorting for oil shale, 
solvent-refined coal (SRC II) for direct conversion of coal; and fixed-bed gasification in 
conjunction with the Fischer-Tropsch process for indirect conversion. The assessment begins 
with a description of the technology in terms of release rates of specific pollutants. These 
release rates or source terms' are inadequately known since no full-scale commercial plants 
exist at present, but they can be estimated from pilot-plant data and process chemistry. The 
next step is determination of which of the released chemicals can be grouped together for the 
subsequent stages of the evaluation. A health risk analysis is then conducted in three steps 
exposure assessment, health effects assessment, and health risk analysis. Because the data for 
health risk analysis are known to be less than adequate in some areas, the health risk analysis 
will trigger research efforts to provide the necessary data. The paper reviews the information 
available at present in terms of applicability to the health risk analysis. Areas where little 
or no data are available are identified. Particular emphasis is placed on the terrestrial foodchain 
as a potential exposure route. 

INTRODUCTI0ll 

The desire to obtain liquid fuels from coal and to recover 
liquid fuel from shale is over a century old. Already in 1860 there 
were oil-shale operations in the U.S., and the first patent to hydro-
genate coal was awarded to Bergius in 1919 1J. At the height of 
the Second World War, the German production of liquid fuels from the 
Fischer-Tropsch Process 121 reached 4 x 10 kg/year (100 000 bbl/day) 
and a number of plants in different countries used the Fischer-
Tropsch Process and the 1owpressure Fischer-Pichler Process [3]. 
However, the economics of these technologies as compared to petroleum 
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orced a moratorium on all activities until the price increases by 
petroleum-producing countries changed the condition in favor of 
alternative fuels to petroleum. 

The adverse environmental and health impacts of coal handling 
and coal chemistry have been well studied during the last two 
decades. For example, the health hazards of coke-oven emissions 
are known, as are causal relationships between the presence of 
coal-derived polycyclic organic matter and adverse health 
effects. The potential adverse health effects of a number of 
other chemical compounds and certain operations associated with 
coal-conversion technologies and oil shale are also known. 
However, no comprehensive assessment of the risks, both health and 
environmental, associated with the emergence of synfuels has been 
carried Out. Major reasons for the lack of risk analysis data are 
significant changes in the technology which have taken place and are 
continuing to occur. Although the basics of synfuels are often 
a century old, the new engineering advancements have improved 
the yields and have decreased potential environmental releases 
considerably. Because large-scale applications of the new and 
improved technologies permit options in the choice of control 
technologies, it is now possible to optimize potential hazards 
in terms of economic and other input resources. Therefore, 
risk analysis may provide the basis for genuine economit 
and labor savings without adversely affecting human health and 
other environmental factors. EPA's program in risk assessment 
of synfuels began in 1980 with a series of planning workshops. 
The program is being conducted in association with the Depart-
ment of Energy, a number of national laboratories, other U.S. 
agencies and academic institutions. 

ELEMENTS OF RISK ANALYSIS FOR SYNFUELS 

Conventional risk analysis 4J has three major elements: 
pollutants release rates (source terms), multi-media transport 
(exposure assessment) and effects assessment. In the case of 
health risk analysis, adverse health effects are expressed as 
mortality (deaths) and morbidity (illness). Environmental 
effects are assessed in terms of economic loss (crops, fisheries 
resources), losses of species, loss of habitat and other eco-
system changes. 

The first comprehensive risk assessment was conducted for 
nuclear power. For this assessment, release rates in terms of 
gamma-radiation exposure were established for a given nuclear 
power scenario. In addition, release rates of various radio-
nuclides were estimated for normal and abnormal operations. 
Exposures were then established using appropriate models, and 
dose was calculated using known metabolic data for each radio-
nuclide separately. In this assessment, every pollutant was 
followed from its point of release through every media pathway 
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up to the biological site. Subsequently, the radiation dose 
from every radionuclide was summed and the combined dose was 
related to an effect. 

In the case of synfuels, the exact numbers of chemical com-
pounds involved in the process and in the product is unknown. 
However, sufficient chemical analysis has been conducted to know 
that the number exceeds several thousand. An approach similar 
to that of nuclear power would have been required to establish 
multi-media transport of each chemical compound along with dose-
response curves for various biological endpoints. Clearly, the 
evaluation of every compound is an impossible task. The number 
is too large to be evaluated even if substantial resources would 
be devoted to it. Obviously a concept similar to the external 
radiation exposure from gamma-radiation is inappropriate. 

Therefore, new approaches had to be worked out to accommodate 
the very large number of chemical compounds and yet cover all of 
them. EPA's approach uses a compromise in risk analysis. The 
chemical compounds are categorized in various units; each unit 
consisting of either a class of compounds, a single element or 
compound or a mixture. 

The objective of this categorization is to simplify the initial 
effort which establishes the magnitude of hazard within each cate-
gory so that the subsequent effort can concentrate on those cate-
gories with highest potential adverse impact. Once a category, 
henceforth referred to as a risk analysis unit (RAtJ), has been 
found to be of little or no significance, it will be dropped from 
further consideration. Conversely, an RAU with a high degree of 
potential risk will be subdivided into new RAUs and studied. The 
process will be repeated as necessary. 

Obviously, the selection of RAPs will greatly impact the risk 
analysis process. Examples of RAUs are as follows 

Polycyclic aromatic matter. 

Oxides of nitrogen, carbon and sulfur. 

Benzene. 

Monocyclic aromatic hydrocarbons except benzenc. 

Certain trace metals. 

Arylamines. 

Saturated straight chain aliphatic hydrocarbons. 

Phenols. 
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TECHNOLOGY 
DESCRIPT ION 

SOURCE TERMS 

ESTABLISHMENT OF RISK 
ANALYSIS UNITS 

EVALUATION OF 	 AIR, WATER, FOOD 
TOXICITY DATA 	 TRANSPORT 

HEALTH EFFECTS 	 EXPOSURE 
ASSESSMENT 	 ASSESSMENT 

~=E ALTH RISK
ANALYSIS 

PIG. 1. Schematic diagram of risk assessment. 

RISK ANALYSTS PROCESS 

As described previously, there are three major elements in 
risk analysis: the source terms, the multi-media transport and the 
effects assessment. Figure 1 sliovs a schematic description of the 
process. The process can be illustrated using the example of 
polycyclic organic matter (POM), as an example of an RAG. The 
source terms of POM for various technologies, although subject to 
considerable uncertainty, can be estimated. For example, the con-
centration of POM in coal gasification has been established. 
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FIG.2. Exposure assessment model. 

Similarly, the concentration of POM in diesel fuel or gasoline is 
not expected to exceed levels above several ppm. EPA's Alternate 
Fuels Group is in the process of defining these source terms and 
publishing them in a series of Pollution Control Guidance Documents 
(PCC,D). These documents will include the source term data for the 
synfuel processes configured both with little or no control tech-
nologi and with specific control options. 
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The multi-media transport leading to exposure can be assessed 
using a model shown in Figure 2. The model is probably the 
simpliest multi-media model and will be refined depending upon the 
significance of each route. In the case of POM, the atmospheric 
transport (An) will probably dominate the exposure although in 
certain specific cases, other routes such as AP-PM (deposition on 
agricultural plants and uptake by humans) or WP-PM (the corres-
ponding water route) may be important. 

It is important in the case of atmospheric transport to assess 
the lifetime or persistence in the atmosphere. Lane and Katz (51 
have studied the photodecomposition of PUN. According to these 
authors, the persistence half-life of Benzo(a)pyrene deviates from 
0.3 - 0.6 hours depending upon the concentration of ozone. The 
presence of light and ozone changes the range of the half-life 
from 0.08 to 5.3 hours. Ralf-life values for other members of 
POM using the same conditions deviate from 2.9 to 52.7 hours wfthout 
light and 0.9 to 14.1 hours with light. The subject is certainly 
more complicated because the decomposition almost surely will Follow 
a reaction rate exceeding first order and thus it will be concen-
tration-dependent. A recent review by Turner [61 discusses atmos- 
pheric dispersion codels and their usefulness for various applications. 
These models meet the requirements of risk analysis. The report by 
the National Academy of Sciences 71 discusses various routes of 
exposure to humans )  including the foodchain. According to NAS, 
foodchain is a minor contributor to the exposure to PUNs although 
the information is too inadequate to draw a final conclusion. 
1-lowever, if additional data supports this contention, the routes 
of AP-PM and WP-PM would be deemed unimportant. 

The biological effects of POM have been studied for over a 
century. There is sufficient information to assign a risk factor 
to ?O?1 7], The quantitative information on POMs appears adequate 
to allow one to relate release rates of PPM to a PUN exposure con-
centration to a hypothetical cancer risk. The final value will be 
a range rather than a value reflecting the uncertainty in the 
existing data base. 

APPLICATION OF THE RAP CONCEPT 

Once the risk analysis for all RAPs is completed, it is easy 
to determine if changing the composition of the releases or that 
of various fuels will have little or no effect on evaluation of risk. 
Tor example, if the fuel is composed of n RAPs designated as (RAP) 1 , 

(RAP) 2  . .. (RAJ) , and if the concentration of each RAP in the
11 

release is given by C1 , C2 , C3 , . -, Cn 	the total risk R is estimated 
from the individual risks, r, to be as follows: 

= r1'Cl  (RATJ) 1  -- r 2  C2  (RAP) 2 	o n 
+ ... r C (RAP) 

n 
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This summation approach disregards potential synergistic or 
antagonistic effects of various RAUs. However, given the lack of 
data for various chemical compounds constituting an RAU, it will 
be difficult if not impossible to consider synergism and antagonism 
for all chemical compounds. A sensitivity analysis will be performed 
if it is suspected that synergism or antagonism may be important to 
decide if data should be sought through the research program. 

SUPPORTING RESEARCH 

Risk analysis in association with a sensitivity analysis will 
have the added benefit of prioritizing the needed research by 
indicating where the significant data are lacking or where the un-
certainty needs to be reduced. Due to the cost of long-term carcino-
genicity studies, EPA will not support these studies for synfuels; 
instead research data from the other agencies will be used. Appro-
priate oversight groups have been set up to assure the applicability 
of these data to the risk analysis efforts. 

Until the risk assessment defines additional needed research, 
the supporting research will include a major effort in reproductive 
effects both teratogenic and genetic and also an effort to validate 
a new short-term test for leukemogenicity. Foodchain studies are 
also included since this human exposure pathway for RAUs is least 
well understood. 

As expected, a major emphasis in research is likely to be 
placed upon human data. A combination of epidemiology, clinical 
and exposure assessment will be used to obtain human data. For 
obvious reasons, workers in various industries are of primary 
interest. The application of RAtJ concept suggests that human data 
may be obtained from industries unrelated to synfuels. For example, 
human data for PON may be obtained from coke-oven workers, and 
similarly, data on aliphatic hydrocarbon from refinery workers and 
for amyl anines from the appropriate chemical industry. 

CONCLUSI ONS 

The EPA program of risk analysis for adverse health and environ-
mental effects of synfuels is now under way. The categorization of 
chemical compounds has mada it possible to coordinate a computational 
process with experimental research efforts to achieve a common goal. 
The ultimate purpose of the entire effort is to elucidate potential 
risks of various regulatory options and to help the industry to select 
the least costly and least hazardous control technology options. 
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DISCUSSION 

F.A. SElLER: The separation of a mixture of a large number of chemicals 
into risk assessment units (RAUs) is indeed a practical way of dealing with this 
problem. However, I am not entireJy satisfied with the mathematical formulation 
of your approach. Since it is totally linear, the absence of synergisms, both 
between substances in the same RAU and substances in different RAUs, should 
have been included in your list of conditions for this method. Such terms would 
be quadratic, i.e. proportional to the products of doses. In addition, you do not 
allow for the non-linearity of dose-effect relationships. Could you comment? 

A.A. MOGHISSI: I agree that the assumption underlying the RAU concept 
is the additivity of the effect. We disregard the synergism and antagonism between 
two RAUs because we do not see any practical way of establishing the synergistic 
or antagonistic effects of the very large number of chemicals involved. Obviously, 
the non-linearity of the dose-effect for each chemical cannot be established since 
the dose-effect relationship is unknown. It should be understood that one of the 
primary objectives of this exercise is to establish an order of priority among 
t oxicants. 

K. SUNDARAM: You have included mutagenicity and carcinogenicity 
in your projections. I understand that these are in-vitro test systems. Could you 
explain how you propose to resolve the difficulty of transferring positive test 
results to human risk? 

A.A. MOG[-IISSI: In-vitro systems are used primarily to rank waste streams. 
Recent experience with diesel has led to some hopeful developments in the use 
of these tests for risk assessment. However, at the moment we plan to rely on 
animal and/or human data. 

F. GIRARDI: [have two questions. First, could you give some indication 
of the time scale involved in the process of defining the RAUs and the transfer 
coefficients? Secondly, is the concept of RAUs applied only to synfuels or is 
it becoming the general policy of the US Environmental Protection Agency? 
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A.A. MOGHISSI; The RAUs will be defined within the next month. We 
hope to have some data on all areas of concern within a year, and those data will 
be improved in future years. 

As for your second question, the RAU concept is at the moment limited to 
our energy efforts. 

J. S1NNAEVE: The risk analysis unit approach appears to be very attractive, 
However, 1 would like to know how you take into account the toxico'ogical 
effects of metabolites in mammalians, i.e. metabolites derived from organic 
chemicals within one RAU. This was not reflected in the mathematical formulation 
of your overall risk factor for health effects. 

A.A. MOGHISSI: The toxicity evaluation takes into account the metabolism 
of various compounds. A risk factor is assigned to a chemical compound and this 
obviously includes effects produced by the metabolites of that compound. 
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Abstract 

HEALTh IMPLiCATiONS OF ENERGY PRODUCTION. 
Recent WHO actvities concerning the impact on environmental health of all forms of 

energy production are reported. The concept of 'health detriment' is defined. Risk estimates 
from the nuclear fuel cycle, the fossil fuel cycles (coal, oil and natural gas), renewable energy 
sources and local energy sources mainly used in developing countries are given. 

1. EIEALTH IMPACT OF ENERGY PRODUCTION 

The environmental and health impact of energy production is one of the 
most important fields in which the international organizations of the UN family 
have been active. 

The World Health Organization's (WHO) programme in environmental health 
is in the process of establishing criteria for the main environmental pollutants, 
some of whichsuch as sulphur dioxide, CO and CO,, nitrogen dioxide and 
suspended particulates, are directly connected with energy production. A 
monitoring system to evaluate the pollution of air and other environmental media 
is now being developed under WHO supervision in the joint project with the 
UN Environment Programme (UNEP) and other international organizations. 

Rapid increase in energy production,as an essential part of socio-economic 
development requires the evaluation of comparative health detriment from 
various sources of energy (wood, coal, oil, nuclear, etc.) for planning purposes 
and preventive environmental health action. Approaches to comparative 
assessment of health detriment from energy production were considered at a 
WHO meeting jointly organized with experts from the Federal Republic of 
Germany to assist in planning national energy programmes. These included 
centralized systems as well as local energy sources for domestic use in small 
communities in rural areas, particularly in developing countries. 

In planning national energy programmes it is important to consider health 
detriment from different energy sources, including centralized systems for 
generating electricity and the consumer-produced energy used for domestic 
cooking and heating together with energy required for small communities in 
rural areas, particularly in the developing countries. 

675 
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To assess health detriment from generating electricity by differenfmetlidds, 
it seems appropriate to adopt the approach used for such assessments in the 
nuclear fuel cycle, including all stages of the cycle, from mining radioactive ore 
to final decommissioning of a nuclear power station. This includes (a) assessment 
of occupational injury from radiation exposure and conventional injuries, and 
(h) health detriment suffered by the public from low levels of exposure to 
radioactive pollutants both from normal operation and from accident 
conditions. 

The concept of/ie&th detriment applicable to exposure to ionizing radiation 
must be defined. The deleterious effects of exposure to ionizing radiation include 
stochastic and non-stochastic effects in the exposed individuals, as well as 
stochastic effects in later generations, i.e. hereditary damage. The concept of 
health detriment expresses the whole damage to man from the biological effects 
that can appear after an exposure in defined conditions of exposure and at a 
given dose level. The consequences of deleterious effects may be impaired health, 
suffering and death. The assessment also involves consideration of the latent 
periods after which effects may develop following an exposure. The ICRP has 
defined the concept by a simple mathematical equation relating detriment to the 
probability of the occurrence and of the severity of the effect. 

Although the concept of detriment can be applied to both stochastic and 
non-stochastic effects, it is mainly used to estimate damage from stochastic 
effects. In this case, the probability is an increasing function of dose, and the 
severity factor is not dose-dependent. Protection against non-stochastic effects 
can be achieved by setting dose limits below a threshold value, whereas no 
threshold is assumed for stochastic effects. it is therefore necessary to select an 
acceptable level of risk for stochastic effects. 

in assessing health detriment in large groups exposed occupationally or 
as members of the public, the concept of collecth'e detriment may be used. This 
can be applied to exposures from a nuclear power station or from any stage 
of the nuclear fuel cycle. The total dose equivalent committed to the exposed 
group as a whole is used as a measure of collective detriment. 

In the nuclear fuel cycle, the health effects of uranium joining, fuel pro-
cessing, conversion to electrical energy in a reactor, and reprocessing waste, 
represent the most important stages. Similar assessments can be made for fossil 
fuels (coal, oil and natural gas), solar energy, hydroelectric power and other fuel 
cycles. 

2. THE NUCLEAR FUEL CYCLE 

The low doses and dose rates from natural radiation in the environment, and 
the considerably lower doses that would be given at low dose rates in those 
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occupationally exposed (with the possible exception of uranium miners) at the 
various stages in the nuclear fuel cycle, are very much lower than those for which 
epidemiological data exist on the frequency of tumour induction. For radiation 
protection purposes, and to get an approximate estimate of risk, one assumes 
that there is a linear relationship between the dose and the probability of a 
stochastic effect tumour induction or genetic effect 	within the range of doses 
encountered in the nuclear fuel cycle. If the relationship were in fact more 
complex, as some animal experiments and theoretical considerations suggest, this 
linear assumption would produce estimates of risk which are generally characterized 
as tending to be upper bounds, i.e. overestimates of the actual risk. The lower 
bounds of the risk from exposure to low-level and low-LET radiation (the type 
emitted from reactors) could include zero. 

Radiation is one of the most studied of environmental pollutants and one 
that can be measured accurately and relatively easily down to very low levels. 
The objectives of radiation protection and the definitions of basic concepts such 
as detriment, absorbed dose, dose equivalent, and effective dose equivalent have 
all been made by the JCRP' and elaborated in the publications of various 
international organizations. 

In considering the general assessment of the nuclear fuel cycle, it must be 
kept in mind that the actual effects of individual plants will vary, depending 
on local population density and meteorology. In developing countries the 
doses defined and the resulting effects will be influenced by the technical backup 
available, since it may not always be possible to assume satisfactory operating 
procedures and controls. 

The following recommendations on estimation of health detriment from 
radiation and the nuclear fuel cycle should be made: 

Important studies are being carried out on non-stochastic effects by 
IJNSCEAR and ICRP, and on hereditary effects by UNSCEAR. WHO should 
follow the progress of these studies. 

International organizations should encourage appropriate national 
agencies to collect up-to-date information on the accidents and non-radiation 
diseases of uranium miners, and should follow developments on the definition of 
radiation-induced cancer in uranium miners. Regarding potentiation between 
cigarette-smoking and exposure to Rn-222 decay products, recent data from 
miner groups and from the Japanese A-bomb survivors indicate that smoking 
shortens the latent period to the onset of bronchial cancer, but that the 
combination of smoking and radiation leads to a cancer risk that is not much 

INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, Recoin-
mendatjons of the ICRP, ICRP Publication 26, Ann. ICRP I 3, Pergamon Press, London 
(1977). 
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more than additive. WHO should seek to promote, in this and in other 
appropriate areas, competent studies of potentiation of the effects of environ-
mental pollutants. 

We should continue to maintain a critical overview of the health 
problems associated with the nuclear fuel cycle, and invite the co-operation of 
the appropriate organizations in these subjects. 

WHO should promote, in association with IAEA. UNSCEAR, 
OECD/NEA, and collaborating centres, appropriate practice and control measures 
throughout the nuclear fuel cycle so as to assist national health authorities to 
implement at all stages the recommended dose limitations. 

3. THE FOSSIL FUEL CYCLES 

The fossil fuel cycles for centralized generation of electricity include the 
use of coal, oil and natural gas. It is now well established that fossil fuels, 
particularly coal and natural gas, will continue to constitute an important com-
ponent of the energy mix in the coming decades. In previous use of coal for 
power generation, the main problems were the health effects on coal-miners 
and the exposure of the public to chemical pollutants released. Assessment of 
health detriment from fossil fuel cycles is more complex than for the nuclear 
fuel cycle because of our lack of knowledge of the chemical toxicology of the 
large variety of pollutants involved. 

For the fuel resource and the end use of the fuel, the approach developed to 
the nuclear fuel cycle can be used. The main difference arises from our lack of 
knowledge of the dose-effect relationship of the chemical pollutants for stochastic 
effects. The non-stochastic effects, including health detriments like respiratory 
and cardiac disorders in critical groups, are well recognized; contributions from 
stochastic effects are at present undetected and so are likely to be comparatively 
small. 

Approaches to the assessment of health detriment from fossil fuel cycles 
must include detailed reviews of the problems in coal-mining, drilling operations 
for oil and natural gas (particularly offshore drilling), air and water pollution, and 
accidents, including mine and tanker explosions. 

Regarding air pollution problems from all types of fossil-fuel stations, 
no entirely satisfactory approach is yet available to estimate the damage function 
and evaluate the harm to the health of the general public. Epiderniological studies 
to determine the damage function of each possible pollutant would involve 
enormous human effort and Cost. The WHO and FRG joint programme 
nevertheless considered in great detail various pollutants that could be used as 
index substances for estimation of harm. Amongst these are polycyclic aromatic 
hydrocarbons (PAH), sulphates and total particulates. Benzo(a)pyrene  studies 
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carried out in the past have provided some correlation between the air concentra-
tion of this substance and the incidence of lung cancer. Research effort is 
necessary to understand the mechanisms of toxic effects of different PAH and 
to identify promotion of their carcinogenic effects. Studies of potentiation and 
antagonism in the induction of cancer by the PAH are necessary. Detailed 
studies of the profiles of PAll under different climatic and environmental con-
ditions, particle size distribution and atmospheric conversion would also be 
of great value. 

The monitoring of chemical pollutants must be continued in order to study 
the trends and improve our understanding of stochastic and non-stochastic health 
effects. Models based on particulate acid suiphates as the index of detriment 
have been used in the past for stochastic effects. A risk estimate based on 
total suspended particulates has been used for assessing for detriment from 
suiphates, which can be used in the model, including SO 2  emissions from coals of 
different sulphur content. Such practices provide some control of non-stochastic 
effects on the public. 

The health detriment associated with the radioactive content of coal has 
also to be assessed for established power stations. The assessments made for 
different conditions of exposure show that external irradiation due to surface 
deposition as well as ingestion of contaminated food by the critical groups are 
important contributors to the collective effective dose-commitment from this 
source. The exposure depends on the radioactive content of coal, which is highly 
variable. Fly-ash control can reduce the exposure by large factors. 

RENEWABLE SOURCES OF ENERGY 

Renewable sources of energy are often regarded as risk-free because they 
do not produce substantial quantities of toxic effluents. However, if an assessment 
of health detriments is made for all the different stages of these energy cycles, 
particularly those associated with construction, fabrication and maintenance, the 
total detriment can indeed be significant. 

For the purpose of this paper, renewable energy sources include central 
electricity generation from hydroelectric, geothermal, solar, wind, wave (including 
tidal) and biomass. The health impact, expressed in terms of harm per GW(e) a, 
varies widely among the different renewable sources of energy. 

LOCAL ENERGY SOURCES, PRIMARILY USED IN DEVELOPING 
COUNTRIES 

The energy scenario of most developing countries is different from that of 
the economically advanced countries. In the urban areas of developing countries, 
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the commercial energy production is basically similar to that in the developed 
world. However, in many rural areas there is no centralized production of 
electricity, and energy for domestic and non-domestic use is obtained from the 
direct combustion of firewood and farm waste. 

Whereas adequate models are available for the assessment of health detriment 
from most centralized systems, new approaches have to be developed for 
assessing health detriment from non-commercial energy sources. Tmportant 
examples of these are: 

The use of firewood, agricultural waste and dried animal dung by direct 
combustion for domestic uses and 

Biogas plants using wet animal and plant waste for the production of 
combustible gases for the use of small communities. 

In some of the developing countries, e.g. India, nearly 40-50% of domestic energy 
is obtained from the combustion of firewood, agricultural waste and dried animal 
dung, and a large proportion of the rural population depends on such sources. 
The combustion of these materials gives rise to a substantial production of 
pollutants including CO NO, gaseous and particulate organics, NH 3 , HS 

and HCI. These wastes released into the air are likely to cause considerable health 
detriment for which no systematic study yet exists. Biogas plants have also not 
been assessed for the health detriment associated with their development. Large 
numbers of small biogas plants are being used in developing countries, and 
proposals have been made for medium-size biogas plants for the use of rural 
communities with populations of 500 to 1000. These plants appear attractive 
since they can lead to the conservation of precious forests and kerosene, and 
save electricity for other use. 

The typical case of rural India has been presented in Dr.Vohra's paper at 
this Symposium (IAEA-SM-254/102). In the method of energy production 
described in the paper the fuel cycles are simple, including the collection of solid 
fuels by single families or small communities and their direct combustion without 
any control of air pollution. Fairly large concentrations of harmful pollutants 
are released. Health detriment from this source, although reported through 
sporadic observations, has not been systematically assessed. There is a need to 
develop models for such assessment and to compare the detriment with that for 
centralized energy production. 

It is anticipated that such assessments would probably indicate greater 
health benefits for the centralized alternative. However, inadequate transport 
facilities make it difficult to provide commercial centralized energy in the rural 
areas where the greater part of the population of developing countries lives. 
The non-centralized sources provide as much as 50% of total energy requirements 
for nearly half the world, i.e. Asia, Africa and Latin America. Their advantage 
lies in that they are locally available and essentially renewable. 
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It is, in fact, possible to make efficient use of these resources for both 
domestic and agricultural use, for example in biogas plants. Some developing 
countries in tropical regions are indeed already developing programmes for the 
use of animal and farm waste for the production of combustible gases in such 
biogas plants with capacities of a few kilowatts. These biogas plants have large 
apparent advantages, e.g. saving firewood, conserving forests, saving kerosene, 
and the availability of fertilizers from their waste. Moreover the gas generated 
by these plants can serve domestic, transport and other uses,and the residual 
waste can be used as fertilizer. 

The health benefits and detriments of these alternative methods of energy 
production should be reviewed by international organizations. 

6. GENERAL CONCLUSIONS 

(I) For assessment of the radiation health detriment, the assumption of a 
linear dose-response relationship is thought to give an overestimated value for the 
risk from low doses of low-LET radiation of long, protracted exposure. For 
high-LET radiation the same assumption is thought to give the best estimated 
value. For chemical substances, the uncertainties are higher. But, for many 
chemical agents, an over-estimate of the health detriment is furnished by the 
linear hypothesis, for example for various diseases such as bronchitis, emphysema 
and lung cancer. WHO should further encourage the assessment of dose-effect 
relationships for chemical agents and the examination of the possibility of 
thresholds. 

The total detriment is the sum of all deleterious effects caused by the 
different noxious agents. If we wish to compare the various agents, a similar 
assessment of the total detriment is necessary. For instance, we have to take into 
account non-stochastic effects as well as stochastic effects such as the induction 
of cancer and hereditary effects. WHO should encourage studies to increase our 
knowledge of the different components of the total detriment. 

The problem of potentiation or antagonism between noxious agents 
is important for assessment of the total detriment, and WHO should encourage 
studies on potentiation between radiological and chemical agents or between 
chemical agents. As in the case of a simple additivity, it is desirable to choose a 
common unit in which to express the various detriments, such as loss of days 
for workers or members of the public. 

The concept of harm commitment from the late effects of noxious 
agents is complex. The first component is related to the level of pollution of 
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the environment the second is connected with the dose received after intake by 
the exposed persons; the third is dependent on the latent period for the clinical 
manifestation of the effects. In considering the long-lived radionuclides or stable 
chemical substances, one must be realistic in order to avoid the difficulties of 
interpretation of a detriment integrated over infinite time. UNSCEAR takes into 
account a continuous production of energy during the next 500 years at the 
same rate as would be reached by the year 2000. We should consider this a 
reasonable basis for assessing future health detriment. 

For comparing the health detriment attributable to energy production 
from different sources, the detriment is better related to the practice (e.g. 
expressed as per GW(e). a output) than to the source (e.g. per power station). 
Thus the estimated collective doses to workers and to the public from the nuclear 
fuel cycle have been evaluated as 50 to 80 man-sieverts (5000 to 8000 man-rem) 
per GW(e) a output. The corresponding total detriment from radiation and 
other causes has been estimated to he in the region of one death per year in a 
given population of 1 to 2 million persons deriving their total electricity con-
sumption of 1 GW(e) from nuclear sources. 

The corresponding values for other fuel cycles are not so well 
established, but provisional estimates suggest totals of the order of 10 deaths 
per year per GW(e) . a derived from coal or oil, which would supply a similar 
population of I to 2 million. In a population of this size there would be from 
10 000 to 25 000 deaths per year from all causes. It is evident that deaths 
attributable to electrical energy production vary substantially according to the 
fuel source but form only a very small proportion of deaths from all causes, 
whatever the source. WHO should assist in promoting a better assessment of the 
total health detriment per GW(e). a for the various sources of production of 
energy, or per unit output of energy from other sources including the non-
centralized. These considerations could assist countries to formulate health and 
energy policies for their socio-economic development. 
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The following con version table is provided for the convenience of readers 

FACTORS FOR CONVERTING SOME OF THE MORE COMMON UNITS 
TO INTERNATIONAL SYSTEM OF UNITS {SU EQUIVALENTS 

NOTI 5: 

11 	SI bate units are the metre Im). kilogram (kg), second Is), ampere 	-A), kelvin (K). candela (cdl and mole lrrroll. 

(2) 	irgd,catns5l derived units and those accepted for use with SI; 

> 	rndicates additional units accepted for use with SI for a (imrted time. 

I fjr fsnthen otfortrrutron see the correct edition of The /,rtentatiotrai Storer,, Of Uttity (5I), piMlis/red in English by HMSO, 
LOndon, and National Ssiteao of Sta,rdar-ds, Washingron, DC. and /et te,natisenal Standards 150-1000 and the 
seeet'aiparrs of 150-31, published by ISO, Gene 'a. 

131 	The correct symbol for the unit in colown 1 is given in colunn 2. 

(41 	* indicates ConverSion factors given enuctly; other factors are given rounded, mostly to 4 s:gn,ifiyuitt figures. 

a indicates a definition of an SI derived unit: 	J in columns 3-4 enclose factors given for the sake of completeness, 

Column 1 Column 2 Calums 3 Cnlcrnu 4 

Multiply data given in: by: to obtain data lit: 

Radiation units 

p. becquerel 1 Bq )has dimensions of s H 

disintegrations per second 1= dis/s) 1 	s' 1.00 	X ill°  Bq * 
N curie 1 Ci 3.70 	>( 10' °  Bq * 
N roentgen 1 R [ 	2.56 	1< 10" C/kgJ * 
10.  gray I Gy N 1.00 	X 10 1  J!kgJ * 
N rod 1 rad = 	1.00 	X 102 Gy * 

tienert (radiation protection only) 1 Sn I 	100 	X 10°  J1k 8 ] * 
rem (radiation protection only) 1 rem 1= 	1.00 	X 10 J/kgJ * 

Moss 

10,  unified atomic mass unit 	- 	of the mass of ' 2 C) I c 5 1.66057 X 10 kg,approx. I 
tonne 	metric ton) it 1= 	1.00 	X 102  k5j * 
pound mass (asioitdupuis) 1 Ibm = 4.636 X 10t kg 

ounce mass 	avoirdupois) 1 oem 2.825 X 10' g 
ton 	long) 	2240 Ibm) iton 1.016 X iO kg 

ton )thort) 	2000 Ibm) 1 short ton 	9.072 >1 io kg 

Length 

statute mile I mile i .600 X 100  km 
nautical mile (internatiorial) 1 n mile = 	1.852 X, 100  km * 
yard i yd 9.144 1< m * 
foot i 	ft 3.0481< 10 -i  m (h 
inch 1 	in 2.54 	1< 10' tern * 
ml! N iü - 	fl) 1 mil 2.54 	X lU" mm * 

Area 

N hectare 1 ha [ 	1.00 	1<  104  m'J 	* 
N bau'n (effective cross-section, nuclear physics) 1 b = 	100 	1< 10 -11  m'] 	* 

square mile, 	statute mile) 2  i mile 2  2.590 X 100  km 2  

acre 1 acre 4047 >1 10 2  m 2  
square yard i yd' = 	8,361 1< 10_ 1  m' 
square foot i 	ft' = 9.290 X 10' m' 

square inch i 	in' = 6.452 X 102 mm2 

Volume 

lItre 11 	or 	1 Un I 	1.00 	1< i0 7  m ° ] 	* 
C5bic yard i Vol = 	7.6461< 10 -i  m5  
cubic foot 1 	ft 3  2.832 X 10-2 m3 

cubic inch un3 = 	1.630 1< mm 3  
gallon 	imperial) 1 gal (UK) 4.546 X 1 0 °  m 3  

gallon 	US liqsid) 1 gal IUSI = 3.785 X 10" m 3  

This tabla bt5 been CrCparnd by EhA neck fur 055 by the SiioiSisn of PobIicat:ns If the IAEA, Wtri:u uour, etfort has 

been made to ensure accuracy, the A gency cannot be huiy resoflntltmle for errors arising from the use of this teblu. 



CoIilrrw 1 
	

Cniorrn 2 	CoIurl' 3 	 Cxxmr, 4 

Multiply data given in: 
	

by; 	 to obtain data in; 

Velocity, acceleration 

foot per secOnd 1= fps) 

foot per minute 

mile per hour V mph) 

knot )international) 

free fall, standard, g 

foot per second squared 

Density, volumetric rate 

pound mass per Cubic inch 

pound mass per cubic foot 

cubic feet per second 

cUbic feet per minute 

Force 

. newton 

dyne 
kilogram force )= kilopond lkp)) 

poundal 

pound force (avoirdupois) 

ounce force (asordupois) 

Pressure, stress 

pascal 

5x atmosphere standard 

> bar 

centimetres of mercury 10°C) 

dyne per Square centimetre 

feet of water )40 

inches of mercury (0°C) 
riches of water )4C) 

kilogram force per square centimetre 

pound force per square foot 

pound force per square inch (- psi) 
b 

torr (0°C) (= mmHg) 

Energy, work, quantity of heat 

.joule )Wt) 

10. electronvolt 

British thermal unit )l nternational Table) 

calorie thermochemical) 

calorie UnternatiCinal Table) 

erg 

foot.pound force 

kilowatt-hour 

kiloton explosive yield )PNE) )ss  10' 2  g-cal) 

1 	ft/s = 3.048 1< 10_i m/s * 
1 ft/min 5,08 	1< 10 1  m/s * 

14.47C 1< 10' 

= 

mis 
1 mile/h 

i1,609 1< 10°  km/h 

1 knot = 	1.852 1<10°  km/h * 
9.807 1< 10°  rn/s5  

1 ft/ 2  3.048 X lO m/s * 

1 Ibm/in 3  = 	2.768 1< 10°  kg/m °  

1 Ibm/ft 2  1.6021< 10 1  kg/m °  

1 ft ° /s 2.832 X 10 °  m ° /s 

1 ft ° /rnin - 	4,719 1/ 10 4  m ° /s 

1 N [ 	1,00 	1<10°  m'kgs °l* 

1 dyn 1.00 	X 10 1  N * 
1 kgf 9.8071< 10°  N 

1 pcll 1.383 1< 10 1  N 

1 lbf = 4.448 1< 10°  N 

1 ozf 2.7801< 10_I jj 

1 Pa 1.00 	1< 100  N/m ° ] * 
1 atm 1.013251<101 Pa * 
Ibar = 	1,00 	X 10 1  Pa * 
1 cm -lg 1.3331< 10 °  Pa 

1 dyn/Cmfl 2 	1.00 	1< 10_I Pa * 
1 ftH2O 2.989 1<10 °  Pa 

1 inHg 3.386 1< 10 3 
 Pa 

1 inH 2 O 2.491 X 10 °  Pa 

1 kgf/cm °  = 9.807 1< 104 Pa 

1 lbf/ft°  4.798 1< 10 1  Pa 

I lbf/in °  6.995 1< 10 °  Pa 

1 tort 1.333 X 10 2  Pa 

ii [w 100 	1< Nm] * 
1 eV 1.602191< 10_ia  J, approx.1 

1 Stu 1 055 X 10 °  J 

1 cal 4.1841< 10°  J 

1 caliT 4 181 1< 10°  ,) 

1 erg 100 	1< 10 .1 * 
1 ftlbf 1.356X 100  J 

1 kWh 360 	1< 10°  J * 
1 kt yield 42 	X 1012 

	

a atm 19) 	1= ats): atmospheres gauge 
	 b lbf/in 2  )g) 	V psig) gauge pressure; 

	

atm abs 	V ata): atmospheres absolute 
	

1Sf/in 2  abs 	(- psia): absolute pressure. 



CO— 1 	 Coumr 2 	Corrn S 	 Coftnr 4 

Multiply data given in 	 by 	 to obtain data in 

Iaower, radiant flux 

'watt 1 W 1 	1.00 	X 100 J/51 	* 

British thermal unit 	International Table) per SecOnd 1 Btu/s = 	1.055)< to w 
calorie (International Table) per SecOnd 1 	coliTis 4.187 X 10 0  W 

foot-pound force/second I) 	ftlbfls = 1.356 X 100  W 

horsepower (electric) 1 hp 7.46 	X VI) 	* 
horsepower )pietric) (= po) 1 po 7.355 1<10 2  W 

horsepower l 550 ftibf/s) I lip = 	7.4571< 10 2  W 

Temperature 

'lselVin _K 

degrees Celsius, i t = T - T0  - 
where T is the thermodynamic temperature in kelvin 
and T 0  is defined as 273.15 K 

degree Fahrenhmt tF —32 /5\ 1 (in degrees Celsius) II) 
degree Rankine 

T'H < 	9I005 T (in kelvin) 	* 
temperature diffrrenceC ) 	itF} \ / AT ) 	i/ot) 	 * 

Thermal conduct, city C 

I Btuin/(ft 2 sF) 	(lntrntiona/ TableBw) 5.1921< iO Wm' K °  
1 BtuI)fts 5 F) 	 (International Table Stu) 6.231 X 10 Wm' K' 
1 cal 	./)crn-s 5 C) 4.187 X 10 Wm K' 

Mis&llneous quantities 

litre per mole per centimetre 	 (lM/cm =( 1 ltr 	mor' 	cm' 1.00 	1< 10' 	rn 2 /rnol * 
fmofarextincrion coSffic,nt or molar absorption CoCffijent) 

C-value, traditionally quoted per 100eV 

of energy absorbed 	 1 1< 10 	eV' = 6.24 	1< 10 J' 
ufad,a tiO 	yield of a chemical substance) 

mats per unit area 	 1 g/cm 2  1= 	1.00 	X 10' kg/ni 2 ] * 
(abso,ter thickness and mean mass range) 

C 
A temperature interval or a Celsius temperature difference can be eepressed in degrees Celsius as well as 
in keloins. 
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