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Foreword: Signposts to 
Sustainability 

Klaus Toepfer 
There are few signposts on the path to sustainable development 
more visible - and more inspiring - than the rapid evolution of the 
modern wind energy industry. In just two short decades, from 1980 
to the year 2000, the industry grew from a few experimental tur-
bines to a world marlet worth several billion dollars annually and 
an installed capacity of over 13 000 megawatts. These figures are not 
just impressive, they are several times what was considered to be 
even a highly optimistic scenario in the early 1990s. 

The modern wind energy industry is a successful example of what 
can be achieved when governments combine the right investment 
signals with adequate support for research and development. 
Although the development model may not be the same for other 
sustainable energy technologies, the lessons from wind are timely 
and useful. 

At the beginning of a new millennium, there are great hopes for 
wind energy to provide a significant portion of the electricity 
needed to serve a population that is expected to reach 9 billion 
people before the first five decades of this century are over. This type 
of growth for wind, considered an unachievable dream just a few 
years ago, is now a solid and achievable goal - but only if wind can 
continue its rapid development path. This will require both techni-
cal and policy improvements. 

On the technical side, wind energy developers are well placed to 
reach further cost reductions through a rapid learning curve' inher -
ent in building and operating thousand of turbines. However, wind 
developers will be challenged at the same time to ensure that their 
industry is sustainable through the production and use of turbines 
that are fully recyclable and socially acceptable, as well as mnanufac-
turing processes that are non-toxic and based on renewable materials. 

xi 
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On the policy side, governments must continue to remove subsi-
dies that encourage fossil fuels and inefficient energy use and to 
ensure that prices for electricity tell the environmental truth. This 
will he particularly important in new and evolving competitive 
markets for electricity. 

Wind Energy in the 21st Ceniury: Economics, Policy, Technology anil 
the Changing Electricity !ndustty is an important contribution to 
achieving these goals. The book provides a comprehensive analysis 
of the technical, economic and social dimension of the modern 
wind energy industry, including the global potential of wind energy 
technologies, the wind resource potential, scenarios for future 
development, and the economic and social impacts of wind energy 
development. Wind developers, government of hcials and other 
stakeholders will he able to use this information to develop policies 
and strategies to increase the development and application of wind 
energy technologies. 

The book is the result of substantial co-operation between the 
United Nations Environ ment Programme (UNF,P), the Department 
of Economic and Social Affairs (DESA) and the tJNF.P Collaborating 
Centre on Energy and Environment (UCCEE) at Elsa National 
Laboratory in Denmark. UCCEE was established hv UNEP as a global 
cenlre of excellence on sutairiab1e energy issues and supports the 
work of UN [P's Energy programme. UCCEE is also a collaborative 
effort with the Danish Ministry of 1-oreign Affairs, who have gener-
ously supported the preparation and publication of this 1)00k. 

I would like to congratulate all those who contributed to this out-
standing work and I am confident that it will become a basic refer-
ence for anyone concerned with wind energy in the twenty-first 
century. 

Executive Director 
LJnite 1 N itio us Ei lviion; a ent l'rograini lie 



Preface 

The beginning of the twenty-first century is an exciting time for 
wind energy. With the changes in technology, policy, environmen-
tal concern and electricity industry structure which have occurred 
in recent years, the coming decade offers an on paralleled opportu-
nity for wind energy to emerge as a viable mainstream electricity 
source and a key component of the world's environmentally sus-
tainable development path. Yet the challenges facing wind energy 
remain both substantial and complex. 

This book resLilted from the recognition that, for wind energy to 
continue its success and worldwide growth, policy makers and 
industry practitioners must understand the complex interplay of 
factors affecting wind energy today. These factors include not j List 
technology and economics, but also issues of policy, finance, corn-
petition and environment. 

We have written this book with three primary audiences in mind: 
policy makers, academic researchers and electricity industry profes-
sionals, For energy policy makers and energy industry analysts, the 
hook should be useful for understanding how the wind energy indus-
try has arrived at its current state, what have been the tactors for 
success as well as failure, and, most importantly, what are the critical 
factors which will affect its future evolution and implementation. 

Regarding academia, environmental policy iSSues are of significant 
interest to researchers and students, and the range of environmen-
tally oriented courses has grown substantially over the past two 
decades. No sLibstantial discussion of issues like climate change can 
take place without corisideri ng energy and its impact on the envi-
roninent. This hook will provide researchers and students with a 
broad understanding of not only the significant policy issues facing 
renewable energy, but also the critical impact of factors such as 
finance and electricity industry structure on wind power's viability. 

For investors, interest in renewable energy is increasing due to a 
combination of factors including (a) the emergence of new markets 
such as the green electricity market; (b) the emergence of climate 
change as a potentially monumental force pushing the entire 

xii 
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world's energy industry towards greater envi roniIiental sustainabil-
ity; and (c) increasing levels of investment support becoming avail-
able for environmentally sound technologies through organisations 
such as the Global Environment Facility, the World Rank and bilat-
eral donors. For investors contemplating an entry into the wind 
energy market, this 1)00k will provide a valuable understanding of 
the forces affecting the industry and its prospects for profitability. 

This book has benefited from the input and assistance of many 
individuals and organisations. We would like to thank Dr S. Arungu 
Olende of the United Nations Department of Economic and Social 
Affairs who made this book possible and under whose direction the 
idea for the book was first conceived. We gratefully acknowledge the 
financial support of the Danish Ministry of Foreign Affairs who 
funded our work, and Dr John Christensen of the UNEP 
Collaborating Centre on F.nergy and Environment at Riso National 
Laboratory in Denmark for his invaluable support and guidance 
throughout the process. 

We wish to thank the entire staff of the Wind Energy and 
Atmospheric Physics Department at Riso National Laboratory for 
their assistance with numerous parts of this book. We owe special 
thanks to Lars Landberg, Niels Gylling Mortenscn and Erik 
I.undtang Petersen for their help on wind resource assessment, and 
Sten Erandsen, Helge Aagaard Madsen, Henrik Bindner and Poul 
Sorensen for their help with wind energy technology issues. We 
would also like to thank our colleagues at the LJNF.P Collaborating 
Centre on Energy and Environment and the Systems Analysis 
Department at Riso National Laboratory for their support and input, 
and, in particular, Kai HoIst Andersen for his thoughtful and incus-
pensable assistance throughout the publication process. 

We are indebted to many other individuals who have provided 
valuable insights, expertise, and review comments regarding various 
parts of this hook. They include (in alphabetical order): Prarnod Deo 
of the Maharashtra State Electricity Board, Chris Ann Dickerson of 
Pacific Gas and Electric Company, Gaynor Hartnell of the British 
Wind Energy Association, Karen Marshall of Offer, Catherine 
Mitchell of the University of Sussex, Brian O'Gallachoir of the Irish 
Renewable Energy Information Office, Nancy Rader of the American 
Wind Energy Association, Ian Rowlands of the University of 
Waterloo, William Short of Ridgewood Power Corporation, 
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R. Suresh of the Tata Energy Research Institute, Eric Thompson of 
the Environmental Defense Fund, Maj Dang Trong of the Danish 
Energy Agency, Willem van Zanten of Novem Netherlands, Ryan 
Wiser of Lawrence Berkeley National Laboratory, and Maartcn 
Wolsink of the University of Amsterdam. 

Notwithstanding these acknowledgements, any errors contained 
in this hook remain strictly the responsibility of the authors. 
Moreover, while the book was written under the auspices of the 
United Nations Environment Programme (UNEP), the United 
Nations Committee on New and Renewable Sources of Energy and 
on Energy for Development, and through funding from the Danish 
Ministry of Foreign Affairs, the VICWS expressed herein are those of 
the authors and do not necessarily reflect the views of UNEP, the 
United Nations or the Danish Government. 

R. Y. R. 
P. D. A. 
P. E. M. 
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11 
Introduction 

Renewable energy from the sun, wind and sea has long been touted 
as the ultimate solution to the world's energy and environmental 
problems, offering the potential of virtually unlimited cheap and 
pollution-free energy. Initial interest in renewable energy, spurred 
by the oil crises of the 1970s   and fears of resource depletion and 
political insecurity, resulted in frenetic research and development 
activity, impressive technological advances and hold energy policy 
experiments. Yet, as the 1980s passed into the 1990s, fears of energy 
crises faded into the past and fossil fuel prices dropped to th ci 
lowest levels ever, while renewable energy technologies remained 
expensive in spite of the advances made. Renewables looked like 
they might forever remain the energy of tomorrow'. 

However, even as renewable energy's overall fortunes declined, 
development of one particular renewable energy technology, the 
wind turbine, continued to make steady progress. With continuous 
improvements in reliability, efficiency and reductions in capital 
cost, the per kWh cost of wind energy declined by approximately 
8 per cent per year throughout the 1990s.   As a result, wind energy 
prices in the late 1990s have become roughly competitive in many 
cases against conventional forms of electricity generation. 

At the same time, a new element of scientific and political uncer-
tainty has once again entered the world energy picture: climate 
change. Following the Rio de Janeiro Earth Summit in 1992, politi-
cal pressure has been increasing to address the growing concern 
over potential global climate change resulting from anthropogenic 
emissions of 'greenhouse gases' such as carbon dioxide. This process 
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has led to the successful negotiation of the Kyoto Protocol in 
December 1997, committing industrialised nations to binding 
reductions in emissions of gases responsible for warming the atmos-
phere. With electric power generation accounting for a major share 
of greenhouse gas emissions, a new impetus has thus been created 
for increased implementation of renewable energy. 

The third global trend which has emerged over the pt decade 
has been the move towards privatisation, non-utility electricity gen-
eration and competition. And with this has come the opportunity 
for niche players such as wind power plants to cuter the electricity 
market and, in some cases, provide specialised high value-added ser-
vices such as sales to the 'green' electricity market. At the same time, 
the advent of competition has created new power market structures 
such as short-term forward and spot markets, creating added com-
plexity for conventional and renewable generators alike. 

These three large-scale trends of technological advance, global 
Political change and electricity industry restructuring suggest that it 
is time to re-examine the status and prospects for wind energy. With 
an average annual growth rate in installed generation capacity of 
over 22 per cent per year between 1991 and 1997 (l[A, 1998) and 
estimated at over 35 per cent in 1998 (AWLA, 1999), wind energy is 
currently not only the most proniisi ng renewable energy technol-
ogy, but also the world's most rapidly growing energy source, 
whether conventional or renewable. Over the next ten years, wind 
energy could complete its transition from 'alternative' to fully com-
petitive 'mainstream' energy source. Whether this transition in fact 
occurs will depend on a complex interplay of factors including tech-
nological development, economics, finance, environment and 
policy. Policy makers as well as investors must understand these 
complex interactions in making appropriate decisions about the 
electricity industry in general and wind energy in particular. 

This book aims to provide a thorough analysis of wind energy's 
current status, its future prognosis and the factors which will impact 
on its evolution over the coming decade. The hook is divided into 
eight chapters, with separate chal.flers devoted to wind energy 
resource potential, technology and industry, economics, finance 
and power markets, environment and policy. The book is not meant 
to 1)roVide detailed technical analyses of topics such as wind turbine 
technology, wind speed measurement, or design guidance; such 
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technical subjects are well addressed in the existing literature. 
Rather, this book provides, in one concise volume, sufficient cover-
age of a broad range of wind energy issues such that the policy 
maker, researcher or electricity industry professional can obtain a 
clear understanding of the most important issues facing wind 
energy as it enters the energy mainstream. Particular emphasis is 
placed on policy mechanisms to facilitate wind energy implementa-
tion, as well as the emerging issue of competitive power markets. 

Different countries have used widely varying mechanisms to 
promote wind energy and have also had widely varying levels of 
success,T his hock provides case studies of the countries who have 
led the world in renewable energy development in general and wind 
energy development in particular, including the USA, UK, 
Netherlands, Denmark, Germany, India and Sweden. Their policy 
successes as well as failures are analysed and policy recornmenda-
tions are provided. 

The book is organised into the following chapters. 
Chapter 2: 'Wind Energy Resource Potential'. Serious considera-

tion of wind energy is only justified if the available wind resource 
potential is sufficient to meet a sizeable portion of countries' elec -
tricity needs. Furthermore, it is important to have a basic under-
standing of where wind energy currently stands in terms of installed 
capacity and countries' installation trends. Chapter 2 discusses 
worldwide wind resource potential, current installed capacity by 
country, industry forecasts of future installed wind capacity and 
selected governments' visions or targets for future wind energy 
growth. The chapter also introduces issues related to wind resource 
assessment. 

Chapter 3: 'Wind Turbine Technology and Industry'. While 
wind energy has received the attention of the modern electricity 
industry for only the past two decades, wind energy utihsation in 
fact dates back hundreds and even thousands of years. Chapter 3 
describes the development of wind energy technology as well as the 
basic principles for extracting energy from the wind. The chapter 
describes both wind technology and the wind industry and their 
likely future evolution. Wind turbines should not be examined 
solely in isolation but also in relation to the rest of the electricity 
grid. As wind turbine power output varies instantaneously in accord-
atice with wind speed, such fluctuations can affect power quality 
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throughout the electricity grid as well as the operational and dis-
patch demands placed on other power plants. Such grid-impact con-
siderations are also addressed in the chapter, including wind 
energy's capacity credit, short-term wind prediction and power 
quality. 

Chapter 4: 'Lconomics of Wind Energy'. Some of the most 
significant advances in wind energy have been in the area of cost 
reduction. Chapter 4 details the evolution of wind energy costs and 
provides a detailed breakdown of capital costs as well as operation 
and maintenance costs. Another new development in wind energy 
is the implementation of offshore wind turbines, of which three 
such wind farms currently exist in the world. Offshore wind energy 
costs are also analysed in detail in the chapter. A comparison 
between the economics of wind energy and conventional fossil fuel-
based electricity is also provided. The emphasis of the chapter and 
of the hook in general is on large-scale grid-connected wind electric-
ity, which has dominated the development of wind energy in recent 
decades. However, the economics of smaller off-grid and hybrid 
applications are also addressed in less detail in Chapter 4. 

Chapter 5: 'Finance, Competition and Power Markets'. Issues of 
finance can he quite distinct from those of economics, though the 
two are clearly related. Even when a wind energy facility appears to 
be economically cost-effective, the facility may often still not be 
built due to constraints in financing. Chapter 5 therefore addresses 
ISSLICS of wind power finance and the factor5 which must be 
accounted for in raising finance for wind power plants, such as risk, 
capital structure and output variability. Special issues of financing 
plants in developing countries are also addressed. The other major 
focus of Chapter 5 is the issue of competitive power markets which 
are emerging as part of a worldwide trend away from centralised ver -
tically integrated monopoly utilities. Special challenges facing wind 
energy in competitive markets are discussed, including those regard-
ing bidding into short-term forward and spot markets and transmis-
sion-related issues. Within the context of competition, the chapter 
also touches on opportunities in specialised niche markets like the 
'green' market for 'environmental]y friendly' electricity. 

Chapter 6: 'Environmental Considerations. Wind energy offers 
significant environmental benefits in terms of reduced air, water 
and ground pollution. However, wind energy can also have both 
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real and perceived environmental drawbacks, including visual intru-
sion, noise, bird kills and others. In some locations, the local aes-
thetic impact of wind turbines may carry more weight than global 
environmental benefits such as reduced climate change. Thus, wind 
turbine projects often struggle for planning permission in spite of 
their credentials as sonic of the most environmentally benign 
energy sources. Chapter 6 addresses such environmental issues sur-
rounding wind energy. It introduces the concepts of environmental 
amenity valuation and provides some comparisons between esti-
mates of wind turbines' and other technologies' environmental 
impacts. 

Chapter 7: 'Wind finergy Policy'. Though great advances have 
taken place in wind energy technology and economics, the impetus 
making such advances possible was, in large part, careful and 
thoughtful energy policy. The policies pursued by countries such as 
the USA, the UK and Denmark differ significantly and their levels of 
success similarly differ. Often, the policy environment is the single 
most important determinant of whether wind energy succeeds as a 
viable energy source. Chapter 7 therefore discusses the various 
policy mechanisms available for stimulating wind energy, including 
fixed power purchase contracts, production subsidies, tax credits, 
market set-asides, environmental taxation, preferential finance and 
so on. Case studies of the world's leading wind energy countries are 
provided, including an analysis of their successes and failures. 

Chapter 8: 'Summary and Conclusions'. The final chapter sum-
inarises the earlier chapters and draws conclusions on the status of 
wind energy and its prospects over the coming decade. the basic 
questions addressed in this chapter include what are the main barri-
ers preventing more widespread adoption of wind energy?' and 
what are the critical next steps necessary to enhance wind energy 
imp I ementa t ion? 



2 
Wind Energy Resource Potential 

How much of the world's electricity needs could actually be niet 
using wind energy? This is a question of fundamental importance. 
Detractors of wind energy, and of renewable energy in general, 
often assert that modern renewable energy will never contribute 
more than a few per cent of world energy demand and is therefore 
not worthy of serious consideration. Is such scepticism justified? 

This question can be briefly examined in two ways. First, a quick 
look at Denmark, which has to date pursued the world's most inten-
sive wind energy development, reveals that in 1998 wind accounted 
for 9 per cent of DenmarI..'s total electricity production. This share is 
set to continue growing in the future, contributing a major portion of 
Denmark's total electricity demand. Secondly, electricity generation is 
one of the world's largest industries, and global electricity demand is 
expected to surpass 25 000 TWh/yr (25 trillion kWh/yr)' around the 
year 2020 or 2025. If wind energy supplies only 1 per cent of this 
demand, then assuming a wholesale electricity price of 0.03 US$/kWh, 
wind energy's annual electricity production would still he worth 
US$7.5 billion (thousand million) per year, more than many other 
entire industries. Furthermore, with an installed capacity of nearly 
18 500 MW in 2000 and assuming a capital cost of US$1000 per kW, 
the world's investment in installed wind capacity was already worth 
approximately US$18.5 billion in 2000. Wind energy is therefore of 
interest not only because it can potentially meet a large fraction of 
countries' electricity demand, but also because even a small fraction 
of the global electricity market amounts to a major industry in terms 
of both investment and annual revenue. 

6 



VtinI Eni'ry Resource Potentinl 7 

More formal analysis is necessary, however, to better understand 
the size and potential of the world's wind energy resource. This 
chapter therefore examines both the physical and practical potential 
of wind energy. We begin with a summary of worldwide installed 
wind turbine capacity to date, followed by a brief primer on wind 
resource assessment. These are then followed by longer-term scenar-
ios for future wind energy utilisation, as well as the European 
Union's strategy for reaching its long-term wind turbine installation 
goals. Lastly, the chapter presents an analysis of the physical and 
ecor1orniC feasibility of more ambitious wind power development, 
highlighting a Danish study to meet 50 per cent of Danish electric-
ity demand through wind by the year 2030. 

Worldwide installed capacity 

Since 1980, modern grid-connected wind turbines have been 
installed in more than 50 countries around the world. Early instal-
lations were predominantly in industrialised countries, with the 
USA and Denmark accounting for almost 90 per cent of installed 
capacity in the early 1990s. Though the USA dominated the field 
in the 1980s, its wind capacity growth rate slowed dramatically in 
the 1990s and was even negative for a period as old units were 
taken out of service and not replaced. Meanwhile, as shown in 
Table 2.1, Germany and Spain have experienced very dramatic 
wind capacity growth in the 1990s. and surpassed the USA in total 
installed capacity. As of late 1998, however, installations have 
significantly picked up again in the USA, though not at the levels 
seen in Germany. Other major European players include the 
Netherlands and the UK. 

A number of European countries not specified in Table 2.1 have 
also recently initiated significant wind energy programmes. By the 
end of 2000, the installed wind power capacity in these European 
countries included: Portugal 111 MW, Austria 69 MW, France 
63 MW and Finland 39 MW (BTM Consult, 2001). Activity in deve-
loping countries has also picked up significantly in recent years, 
particularly in India and China. India currently ranks fifth in the 
world in total installed wind power capacity. Argentina, Cape Verde, 
Costa Rica, Egypt, Iran and Mexico are other countries not specified 
in Table 2.1 with notable recent wind energy growth. 
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Energy in the wind 

Before discussing future wind energy potential, it is helpful to have 
a basic understanding of the physical properties of energy in the 
wind and of how to estimate wind resource availability. This section 
provides a brief introduction to some basic principles of energy 
extraction from the wind. 

The kinetic energy of a volume of air V, moving at the speed u is: 

KE = 1 1pVii 2 , 	 (2.1) 

where: 

KE = kinetic energy (kg m 2/sec 2 , or loules) 
p = air density (1<g/m) 
V = volume of air (rn) 
ii = air speed (rn/sec). 

Power is expressed in terms of work per unit time, or in other 

words, the change in kinetic energy per unit tune, 	To obtain lit 
the expression for power, we can rewrite equation (2. 1) as: 

KE = '/2 p(Area dx)u2 , 

such that the volume of air V is expressed by an Area perpendicular 
to the wind flow multiplied by the horizontal displacement in the 
direction of wind flow dx. The power, or change in kinetic energy 
per unit time, is then expressed by: 

Power = 1(KE)  = 	prea . dx ) u ?] 	p( Area• fix  Il l . 	(2.2) 
itt 	Ill 	 (It ) 

Since 	is in fact the wind speed n, power can be expressed as 
fit 

Power = 112 p Area . a' 

When seeking to extract energy from the wind, it is this power 
passing through the fixed area of the wind turbine rotor which is of 
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interest. The power (or kinetic energy flux), expressed per unit of 
area (of the rotor), is known as the power density P: 

1) = 1 h pu3 	 (23) 

The power density is expressed in terms of watts per square metre. 
From equation (2.3) we see that the power density is a function of 
the cubed wind speed, meaning that an increase in wind speed by a 
factor of 2 leads to an increase in power density of V = 8. This expo 
nential relationship, between wind speed and the power which can 
be potentially extracted by a wind turbine, highlights the para-
mount importance of wind speed when selecting locations for wind 
power plants. 

Naturally, wind speed in the atmosphere is not constant, but 
varies over time, expressed mathematically as u = u(t). Figure 2.1 
shows an example of half-hourly averages of wind speed and a wind 
turbine's power output over the course of 6 months. 

Figure 2.1 30-minute averages of wind speed and wind turbine power 
output over 6 months 

25 
20 
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10 
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Month 
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Given the variability of wind speed, a realistic measure of the 
available wind power resource is provided by the long-term mean 
power density P: 

	

P = J pu (t)dt H/2pu'f(u)du 	 (2.4) 

where T is the time over which the average is taken. T should be 
large, such as one year, or even better, 10-20 years. This is because 
wind speed varies significantly during the year and even the annual 
average wind speed may vary by up to 10-20 per cent between dif-
ferent years. The function f(u) is the frequency distribution of wind 
speed, that is, the probability of the wind speed being within a 
given (unit) interval at any given time. 

The mathematical Weibull two-parameter frequency distribution 
can provide estimated wind speed probability distributions which 
have proven to fit well with measured wind speed data. The Weibull 
distribution is defined as follows: 

= (( 	
ex[_J , 	 (2.5) 

where: 
f(u) = the estimated frequency of occurrence of wind speed U; 

A = the scale parameter (A > 0); 
k = the shape parameter (k > 1); 
u = wind speed (U > 0). 

The Weibull scale and shape parameters vary by location, depend-
ing on climate and terrain conditions. The two Weibull parameters 
are determined from measurements when these are available for an 
actual site. If no measurements are available, the Weibull parameters 
can be estimated through the 'wind atlas' methodology discussed 
subsequently in this chapter. 

The Weibull shape parameter k defines the shape of the wind dis-
tribution and varies with the actual climate. In typically low wind 
areas such as the Arctic regions and the tropics, the value of k is 
close to 1. In climatic regions dominated by the westerlies such as in 
north-western F.urope, the value of k is approximately 2, indicating 
a Rayleigh distribution of wind speeds. In areas near the equator 
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Figure 2.2 Measured wind speed frequency distribution (columnsl and 
Weibull fit (line) to the measurements 
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dominated by constant trade winds, k can he of the order of 3 or 
higher, approaching a normal distribution of wind speeds. 

As an approximation, the scale parameter is related to the annual 
mean wind speed as foflows: 2  

= -f u(t)dt = uf (u)du 0.89 A. 	 (2.6) 

A measured histogram of wind speed data is shown in Figure 2.2, 
together with the Weibull fit. The figure is typical of the westerlies 
wind regime (see following section) and represents a shape factor of 
approximately 2. Figure 2.2 demonstrates that, with good estimates 
of the scale and shape parameters, close approximations of the 
actual wind speed probability distribution can he obtained, allowing 
good estimates of mean power density. 

Wind resource assessment and data limitations 3  

The term wind resource assessment' is usually defined as a calculation 
of the average wind speed over 10 to 20 years at a specific site or area. 
Accurate determination of the average wind speed is of paramount im-
portance. As discussed above, as a rule of thumb wind turbines' power 
output increases by the cube of the wind speed, resulting in a substan-
tially reduced cost of generated electricity in high wind locations. 
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Wind resource assessment for a site or area is based on two dc-
ments: high-quality nearby wind measurements (preferably on-site) 
and a micro-siting model, which can estimate the spatial distribu-
tion of the wind resource over the entire area. Using only measure-
ments from a nearby meteorological station (for example, at an 
airport) will cause the local effects on the air flow around that 
station's mast to he 'transported' to the wind turbine site in ques-
tion, resulting in erroneous results. For example, if the ineteorologi-
cal mast is located near a building, which will reduce the wind 
speed of the flow coming from that direction, this reduction would 
almost certainly not he found at the wind turbine site. Clearly, 
therefore, models are necessary to obtain accurate estimates of the 
wind resource at any particular site. 

Wind atlas methodology 
The most widespread micro-siting models are based on the physical 
laws governing wind flow. An example of the physical approach is 
the 'wind atlas' methodology, but other models exist as well. The 
wind atlas methodology has been used for wind resource assessment 
and siting around the world and present-day state-of-the-art models 
are able to predict the wind resource with good accuracy in many 
area 

Wind speeds measured at a meteorological station are determined 
mainly by two factors: regional overall weather systems, which 
often have an extent of several hundred kilometres and the local 
topography around the site in question (a few tens of kilometres 
from the station). The wind atlas methodology (Troen and Petersen, 
1989) is a comprehensive set of models for horizontal and vertical 
extrapolation of wind speeds measured at a meteorological station 
(for example, at an airport) for estimation of wind resources at a 
nearby site (for example, a planned wind farm). 

The models are based on physical principles of flows in the atmos-
pheric boundary layer, and they take into account: (1) terrain 
roughness (for example, desert surface, larmland, water surface), 

sheltering effects (due to buildings and other obstacles), and 
orography (terrain height variations such as hills and escarp-

ments). Terrain roughness is often standardised into roughness 
classes. Roughness class 0 covers smooth surfaces such as sand or 
desert surfaces; roughness class 1 represents open farmland with 
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very few buildings; roughness class 2 represents more closed farm-
land with some trees and/or bushes; roughness class 3 is charac-
tensed by more sheltered terrain, suburbs and so on. 

For each meteorological station the wind atlas tables provide cal-
culated Weibull A- and k-parameters for 12 sectors of the wind rose, 
five heights and four roughness classes. In addition, the sector-wise 
distribution of wind speed is given in per cent for each roughness 
class. A summary table gives estimated annual mean wind speed 
and mean power density for each of the five standard heights and 
four roughness classes. This is illustrated in Table 2.2. Based on such 
information, the wind atlas methodology is able to extrapolate the 
wind resources from meteorological stations onto nearby wind 
turbine sites. 

The following comprises a broad overview of wind resource assess-
ment and siting around the world. For convenience, the world has 
been divided into a number of regions according to their wind 
climate. The characteristics of these regions are described, as is the 
ability of state-of-the-art models to predict these regions' wind 
resources. 

The Arctic 
So far, the exploitation of wind power in Arctic and sub-Arctic 
regions has been scarce, but this may well he changing. The barriers 
to widespread application of wind energy in Arctic regions comprise 
technological, economic, social and institutional barriers. However, 

Table 2.2 Summary wind atlas table for !-Iurghada on the Egyptian coast 
of the Gulf of Suez (z refers to height above terrain, U is the estimated 
annual mean wind speed, and F. is the estimated annual mean power 
density in the wind) 

a Roughnem chiss 0 Ruuginwss cOns I Roughness class 2 Roughness chris 3 

(m) U (rn/i) E (W/rn 2) U (rn/i) F. (W/m 2 ) 1,1 (rn/i) F (W/rn 2 ) U (mis) F (Wins 2 ) 

10 6.9 327 5.7 203 4.8 121 4.2 80 
25 7.6 422 6.7 300 5.8 197 5.2 143 
50 8.2 516 7.6 415 6.7 285 6.1 218 
00 8.8 667 9.0 698 7.9 463 7.2 353 

200 9.8 926 11.4 1 447 9.8 910 8.9 676 

&,une: Morteinen and Said (1996) 
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many of these barriers are not unique to the Arctic, or even particu-
larly severe there. One important barrier, however, is the lack of 
adequate knowledge of the wind resources in candidate regions. 
Apart from the northern parts of Sweden and Finland, little appears 
to have been done with respect to a systematic mapping of Arctic 
and sub-Arctic wind resources. Moreover, it is not clear to what 
extent the methods developed for wind resource estimation and 
siting in the temperate climates will apply to these regions. Snow, 
ice and sub-zero temperatures not only make it difficult to make 
reliable wind measurements, but they also change the roughness of 
the terrain considerably from season to season. Furthermore, the 
cooling of the lower layers of the atmosphere leads to local wind 
flows to some extent. Consequently, it is often very difficult to 
extrapolate the measured wind climate over more than a few 
kilometres. 

Temperate plains and the westerlies 
The temperate plains, which cover significant portions of North 
America, Europe and Asia, are characterised by large-scale low-pres-
sure systems moving over these areas. These systems give rise to 
powerful storms and, because of the regularity of these systems, a 
steady wind climate. The westerlies refer to the wind regime of the 
northern hemisphere where wind from the west is predominant. 
Usually the westerlies refer to the wind regime on both sides of the 
North Atlantic, including, for example, eastern Canada, southern 
Greenland, the British Isles, the Scandinavian peninsula and parts of 
north-western Russia. The 'Roaring Forties' in the southern hemi-
sphere are also a western wind belt dominated by the westerlies. 

In wind energy terms, the strength and regularity of weather 
systems in the temperate plains and westerlies means that the 
energy production potential and reliability of predictions of produc-
tion can be expected to be high. The wind atlas methodology was 
developed with these areas in mind. The method is used to estimate 
the expected production at a given site using wind data from up to 
100 km away. Since, generally speaking, the meteorological network 
is very dense in these areas, the wind energy potential at virtually 
any location can be calculated. Furthermore, numerous studies have 
shown that the method gives very reliable results for most of the 
temperate regions, as long as the terrain is not too complex. 
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Deserts and semi-arid areas 

From a wind energy point of view, deserts and semi-arid regions 
have a number of advantages: land-usc intensity is often very low, 
access is easy and construction work relatively simple. Also, the 
surface roughness of the land tends to he low and uniform, so siting 
can be done primarily with optimisation of power production, or 
minimisation of cost, in mind. Such areas could provide space for 
large-scale utilisation of wind energy, provided they are favoured by 
a healthy wind climate and located not too far from places where 
power is in demand. Unfortunately, as in other sparsely populated 
regions, the meteorological network is very coarse at present and 
the wind climate tends not to be known in great detail. The physics 
of the wind flows in these dry regions of high solar insolation and 
little vegetation are also quite different from the temperate regions, 
where most of the models and techniques for wind resource estima-
tion and siting were developed and tested. However, studies carried 
out in, for example, Algeria, libya, Egypt, Israel, Syria and Jordan 
should lead to a better understanding of the limits of contemporary 
models in these regions. 

The tropics 
The tropical regions are often characterised by a high need for 
improved power provision, with many people still lacking access to 
electricity. Very high population growth is also found in these areas, 
creating even higher demand for electricity in the near future. As a 
result, there is an increasing interest in all kinds of energy, includ-
ing wind, 

The tropical regions are dominated by seasonal wind Systems, like 
the monsoon and the trade winds. In many areas the measuring 
network is dense and dates back many years, providing long records 
which are highly useful for wind energy purposes. Because of the 
dense network, quite reliable estimates of the expected wind resource 
can be obtained for many tropical areas. The task is made slightly 
more difficult, however, by the fact that localised thermally driven 
wind systems can he found in some areas. Studies along the lines laid 
out in the European Wind Atlas have been carried out in many 
places. Two examples include Somalia and India, which are both 
dominated by monsoonal-type flows. Regional studies have verified 
the wind atlas methodology by comparing the predicted production 
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of wind farms to actual production. India also has a very coinprehen-
sive database of meteorological measurements. A wind atlas has also 
been made on the Cape Verde islands, and again the method has 
been verified with good results, using actual output from wind farms. 

Open sea 
Wind turbines have a significant local visual impact, and siting of 
wind turbines can meet with resistance in densely populated coun-
tries like the Netherlands, Denmark and the UK. As a result, siting 
wind turbines in the open sea or in shallow coastal waters has 
become increasingly attractive, as discussed in Chapters 4 and 6. 
The open sea is in general characterised by very high wind poten-
tial, but a detailed and reliable map of these resources is very 
difficult to Produce  due to the extremely sparse measuring network. 

There are two sources of information available for estimating the 
offshore resource: measurements from small islands, which are few 
and far between, and the so-called COADS database. COADS is short 
for the Comprehensive Ocean—Atmosphere Data Set and is a result 
of continuing co-operation between several American institutions 
(see, for example, Diaz et al., 1992). The data set contains measure-
ments of the wind speed and direction as reported from ships cross-
ing the oceans. This gives a huge - albeit in some areas sparse - data 
set covering most of the oceans. The data set has been compared to 
coastal measurements in some areas and the overall agreement 
appears to be good. Other sources of information are available for 
certain limited offshore areas, including the wind atlases for the 
North Sea, Baltic Sea and Gulf of Suez. 

Coastal areas 
Land sites near the coastline have always been in demand for wind 
power generation because of the generally high wind resource com-
pared to (flat) inland sites in the same wind regime. This demand, as 
well as many other claims on coastal land areas, has led to a 
decrease in the availability of such sites; and near-coastal offshore 
sites have therefore become more attractive. Taking near-coastal 
offshore' to mean the offshore area where the influence of the land 
on wind flow is still present, this zone is on the order of 10 kilome-
tres wide. Several conflicting constraints must be taken into account 
in the siting of offshore wind turbines. As discussed in Chapter 4, 
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the cost of construction, grid connection and maintenance trans-
port all increase with increasing distance from the coastline, but so 
does the available wind resource. Costs can be reduced by erecting 
turbines closer to the shore, but here visual impact and interference 
with other activities may be (too) high. 

Because wind resources (and costs) vary considerably over small 
horizontal distances, there is an increasing demand for accurate off-
shore wind resource estimates. In particular, this presents a chal-
lenge to the physical models, since offshore wind measurements 
very rarely exist and would be very costly to obtain. 

Mountains 

In mountainous regions the topography enhances the existing wind 
potential, resulting in very high potentials at certain sites. However, 
the exact magnitude of this potential is difficult to assess accurately 
because mountainous areas are often sparsely populated and conse-
quently have very limited wind-measuring networks. 

Because of the complex nature of the terrain - as well as the fact 
that the winds are often dominated by local effects, driven, for 
example, by local differences in temperature - it is very difficult to 
model wind flow in mountainous areas. A European Union initiative 
funded under its JOULE programme is attempting to address this 
problem by combining micro-siting models with models covering the 
wind flow over a larger area, typically hundreds of kilometres. This 
approach is being tested in Ireland, northern Portugal, central Italy 
and Crete and is indeed showing promising results in these regions. 

Wind resource estimation 

This Section provides a brief step-by-step approach to wind resource 
assessment for an area. Typically these tasks will be carried out by 
the national meteorological office in co-operation with wind energy 
consultants. As a rough estimate, the total costs of a complete study 
as laid out below would be around US$1 million for a country with 
an extensive measuring network, as can be found in most developed 
as well as developing countries. 

Overview of existing meosurements 

As a first step in any resource assessment for an area, the existing 
measurements must be analysed. The purpose of this step is twofold. 
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First, it provides input for a preliminary coarse map of the wind 
resource for the area. Secondly, it also allows an assessment of the 
overall quality of the measuring network. 

Coarse map of wind resources of the area 

Once the existing measurements have been analysed, a coarse map 
of the area can he generated. This map is based only on the existing 
measurements, and it will only give a rough idea of the location of 
potentially high (and low) wind areas. 

A first coarse wind atlas 
Using the existing data, a preliminary wind atlas can be made. 
Using the wind atlas methodology, the existing measurements can 
he extrapolated to the whole area in question. This wind atlas will 
not provide a very accurate picture of the resource, but it can point 
towards interesting areas of high wind. 

Focus on interesting areas 
Using the coarse wind atlas, the most interesting areas can be 
identified for further study. 

Identifjiing measuring sites 
Within the interesting areas, sites for detailed wind energy-oriented 
measurements can he identified. 

Measure for at least 1 year, preferably 3-5 years 
Once the measuring sites have been identified, measurements 
should be carried out for at least one year to obtain a fair representa-
tion of the wind's annual variation, but preferably for 3-5 years to 
obtain some idea of the climatological variability. 

Wind atlas 
Based on the original and new measurements, a complete wind atlas 
can be made. This wind atlas will then form the basis of any further 
wind energy resource estimates. The atlas can be used not only to 
find interesting areas but also to provide fairly exact estimates of the 
actual production of a potential wind turbine site. 

The wind atlas for the Gulf of Suez is an example of such a 
regional wind atlas (Mortensen and Said, 1996). This wind atlas was 
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a result of it comprehensive 5-year wind resource assessment pro-
grarnme covering a 250-km stretch of the Gulf of Suez and the 
northern Red Sea. The study was based on measurements on four 
25-metre masts, and in addition historical data from five existing 
stations were analysed. The project documented higher wind speeds 
than hitherto assumed, and it formed a basis for the ambitious plans 
for wind power development in Egypt. 

Uncertainties 
Uncertainties in the prediction of a wind turbine's or wind farm's 
annual output depend on the quality of the data for the wind resource 
and for the wind turbine's power curve. For tInt terrain, the standard 
deviation of the wind resource is typically 3-4 per cent of the 
average annual wind speed. This is equivalent to an approximately 
S-lU per cent standard deviation on the average annual energy pro-
duction. For mountainous regions, the deviation doubles. The stan-
dard deviation on wind turbine power curve is typically 5-6 per cent 
of annual energy production in simple terrain, 10 per cent in complex 
terrain and 15 per cent in very complex terrain. In north-western 
Europe, wind farms' annual electricity production can be predicted 
with an overall uncertainty of 10-15 per cent. 

In some areas, however, wind energy potential can still not he sat-
isfactorily estimated. This means that wind energy meteorology 
today faces two primary tasks: first, to educate users in the mode]s 
currently available and in their proper use and known limitations; 
and secondly, to conduct research in fields where knowledge is still 
missing. Part of this research will involve collecting and evaluating 
the results of the numerous studies that have already been carried 
Out. 

Global wind resource potential 

The total solar radiation intercepted by the earth is approximately 
180 000 TW-yr/yr (1.58 billion TWh/yr), corresponding to an 
average of 350 W/m 2  over the earth's surface, though this is distrib-
uted much more towards the equator and less towards the poles. In 
comparison, global annual electricity consumption is on the order of 
1.5 TW-yr/yr. Most of the incoming radiation is lost again to outer 
space as outgoing radiation. A small part, on the order 3-5 per Cent 
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of incoming radiation, is converted into the kinetic energy of the 
moving atmosphere through the generation of global, regional and 
local temperature differences, forming the basis for the world's wind 
energy resource. Of this g]obal kinetic energy flux, only a minute 
fraction can even theoretically be captured as useful wind energy, 
since wind energy 'extractors' can only extend a mere 100 metres or 
so into the atmosphere. Nevertheless, the theoretical global poten-
tial for extracting energy from the wind far exceeds the world's total 
energy consumption. 

A number of researchers have investigated the world's technical 
and exploitable wind resource potential. Grubb and Meyer (1993), 
van Wijk ci at. (1993) and the World Meteorological Organization 
have estimated the total global wind energy resource to he on the 
order of 60 TW-yr/yr (approximately 500 000 TWh/yr). Of this theo-
retical potential, Grubb and Meyer (1993) estimate the practical or 
exploitable worldwide wind potential to be approximately one-
tenth, or 6 TW-yr/yr, after accounting for social, aesthetic, land use 
and environmental factors which will ultimately limit total wind 
power development. 6  The exploitable potential therefore appears to 
be approximately four times the current global electricity consump-
tion. An earlier study by the International Institute of Applied 
Systems Analysis (flcifcle et al., 1981) points to a theoretical poten-
tial of 500 TW-yr/yr and an exploitable wind resource of 3 TW-yr/yr 
based only on coastal regions. Therefore, even by the most conserv -
ative estimates, the total exploitable wind energy resource is approx-
imately double the total current worldwide electricity consumption. 

A more specific study in the USA by the US Energy Information 
Administration attempted to identity economically viable wind 
resources located within proximity to existing high-voltage trans-
mission lines. This study calculated a wind energy potential of close 
to 1 million average megawatts within 20 miles of existing transmis-
sion lines in the USA, far greater than the country's total existing 
generation capacity (USE IA, 1995) 

On a global basis, therefore, wind energy resource availability is 
not a significant issue. Wind energy's potential contribution to the 
world's overall electricity supply is limited not by resource avail-
ability, but by economic and social factors, as outlined in subse-
quent chapters. For individual countries, wind resource availability 
will vary based on geographical conditions. Some countries will 
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have a large excess of wind resources, while others will be more 
limited. Wind resources are expected to be most abundant in the 
temperate zones of North America, Europe and north-central Asia. 
Wind resources may on average be somewhat lower in Africa, 
Australia and Latin America; but nevertheless, these areas also 
contain sizeahie areas of high wind availability including, for 
example, much of coastal North and West Africa (see Grubb and 
Meyer, 1993). 

Future medium- to long-term implementation of wind 
power 

The implementation of grid-connected wind power in the global 
energy system depends on several conditions, including: 

• The identified physical potential for erecting wind turbines; 
• the economic competitiveness of wind power compared to con-

ventional power production; 
• the need for additional electricity production capacity, including 

non-polluting electricity; 
• barriers to be overcome, including institutional barriers and 

unfavourable electricity pricing structures; 
• incentives for increased development and application of renew-

able energy. 

The above discussion highlighted the abundant physical potential 
for wind power worldwide. Furthermore, as discussed in Chapter 4 
below, the competitiveness of wind power has improved consider-
ably since the establishment of the modern wind energy industry in 
the early 1980s. At present wind turbines located in high wind areas 
are either competitive or close to being competitive with conven-
tional power plants in terms of total production costs. Nevertheless, 
many barriers to increased wind power adoption continue to 
exist, including financial and institutional barriers, discussed in 
Chapters 5 and 7. 

Given these factors, what is a realistic prognosis for future wind 
power development? The following pages summarise a number of 
studies which have investigated the planned and likely future 
growth of wind energy in the medium- to long-term. 
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European Union policy strategy 
In the autumn of 1996 the EU Commission launched a Green Paper 
on a strategy for the development of renewable energy within the 
European Union (EU). The Green Paper stimulated an extensive 
debate on the prospects for renewable energy, and the Green Paper's 
publkation was followed by numerous reactions from member state 
government agencies, industry associations, research institutes and 
non-governmental organisations These reactions were incorporated 
into the EU Commission's subsequent White Paper Energy for the 
Future: Renewiible Sources of Energy and its proposed Action Plan 
(European Commission, 1997). 

The strategy and action plan of the White Paper present a goal of 
meeting 12 per cent of the European Union's gross inland energy 
consumption through renewable sources by the year 2010, mainly 
through biomass, hydro power, wind energy and solar energy. 
Projected energy demand is based on what is termed the 
Conventional Wisdom Scenario (European Energy to 2020)'. 

At present renewable energy sources contribute less than 6 per cent 
of the EU's overall gross inland energy consumption, while at the 
same time the EU's dependence on energy imports is approximately 
50 per cent and expected to rise in the coming years if no action is 
taken. At the December 1997 Third Conference of the Parties to the 
United Nations Convention on Climate Change in Kyoto, the EU 
committed itself to a reduction in greenhouse gas (GI IG) emissions of 
8 per cent by 2008-12 compared to the 1990 level. Thus there is con-
siderah]e interest in increasing the use of indigenous sources of renew -
able energy, thereby reducing GHG emissions, increasing energy 
security by reducing dependence on energy ilnperts and simultane-
ously contributing to job creation within the EU. 

After biomass, wind energy is expected to be the main contributor 
of future renewable energy in the EU. The installed capacity of wind 
power in EU countries is proposed to grow from approximately 
4.5 GW in late 1997 to 40 GW by the year 2010. If current wind 
energy growth rates persist, this appears to be a realistic though 
ambitious goal. If this 40 GW target is achieved, wind power will 
then cover approximately 3 per cent of total EU electricity demand 
in 2010, compared to less than 0.5 per cent today. 

Table 2.3 summarises the main assumptions and estimates 
for wind energy in the White Paper. Without a determined and 
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Table 2.3 Assumptions for wind energy in the EU White Paper 

Winil energy 	 Estimates 

Additional capacity, 1997-2010 	 36 (;w 
Unit cost, 1997 	 USS 1130 kW 
Unit cost, 2010 	 US$ 825 kW 
Total investment, 1997-2010 	 US$ 32.5 billion 
Achieved CC) 2  reduction, 2010 	 72 million tons/year 

Seisre: European Comrn)inn 1997). Excliarig ratc: I ECU = IJS$ 1.129. 

co-ordinated effort to mobilise the lJnions renewable energy 
resources, a significant portion of this potential will go unrealised. 
Thus, the Commission proposed an action plan to carry this devel-
opnient goal towards realisation. The action plan aims to provide 
fair market opportunities for renewable energy without imposing 
excessive financial burdens on society at large. 

The following is a list of measures contained in the action plan, 
aimed at overcoming obstacles to reaching the indicated objective of 
40 GW of installed wind power capacity (the list only includes those 
measures from the White Paper that are relevant to wind energy): 

Objectives iinsl strategie.c 
• Community strategy and overall EU objective of 12 per cent 

renewable energy use by 2010. 
• Member states set individual objectives for 2005 and 2010 and 

estabhsh strategies (action). 

Internal market measures 
• Fair access for renewables to the electricity market (directive). 
• Restructuring the Community framework for taxation of energy 

products (revised directive). 
• Development and/or harmonisation concerning golclen or 

green funds (action). 

Reinforcing Community policies 
• Inclusion of actions on renewables in the overall strategy for 

combating climate change. 
• Adoption and implementation of the 5th Framework Programme 

for Research, Technology Development and Dissemination 
(1998-2002). 
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Renewables to be included in the main priorities along with 
employment and environment in the regional fund new phase 
2000-2006). 

F.xamination of adequacy of existing instruments and possibility 
of further harmon isation (Agenda 2000 review). 
Definition of an energy strategy for co-operation with African, 
Caribbean and Pacific States in the Lome Convention 
Framework, emphasising the role of renewables. 

Strengthening co-operation between member states 

Support measures 
• Development of European standards and certifications. 
• Better positioning for renewables among institutional lenders 

and the commercial market by developing schemes for facilitat 
ing investment in renewable energy projects. 

• Creation of a virtual centre 'AGORES' for collection and dissemi-
nation of information. 

Campaign tOr take_o/r, 
• 10000 MW of large wind farms (co-funding). 
• Integration of renewable energy in 100 communities (co-

funding). 

Follow-op 
• Scheme to monitor progress. 
• Improvement of data collection and statistics. 
• Inter-services co-ordination group. 
• Creation of working group involving Commission and member 

states. 
Regular reporting to the Union's institutions. 

One of the key actions in the campaign for take-off is the proposal for 
10 000 MW of large wind farms, which will represent approximately 
25 per cent of the feasible overall wind energy development goal for 
2010 outlined in the White Paper. Establishment of these wind farms 
will receive co-funding from the EU. The remaining 30 000 MW of the 
overall target are not expected to require public funding provided that 
fair access for wind turbines to the European grid is guaranteed. 
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Table 2.4 L)evelopment of the world market for wind turbines 

Year 	Annual installed Growth rate oceutnulated Growth rate of 
capacfty (MW) 	of annual 	capocity 	accumulated 

installed 	(MW) 	capacity (%) 
capaciiy (h) 

1992 231 - 2278 - 

1993 480 108 2 758 21 
1994 730 52 3488 27 
1995 1 290 77 4 778 37 
1996 1 292 0.2 6 070 27 
1997 1 566 21 7636 26 
Average growth 47 27 

Smoc c: II \4 CorINLIlt 1998a). 

Short- to mediiini-term development 

hIM Consult, a Danish wind energy consultancy, has recently evalu-
ated the prognosis for short- to medium-term development of world-
wide grid-connected wind power capacity (hIM Consult, 1998a). 

Since 1992, the wind turbine market has developed substantially. 
The annual sale of wind turbines has increased signiticantiv, and the 
accumulated global wind power capacity has increased by 27 per 
cent per annum in the period 1992-7, as shown in Table 2.4. 

The BTM Consult study concludes that the existing global 
installed capacity of 7.6 GW in 1997 is projected to grow to approx-
imately 20 GW by the year 2002, a growth rate of more than 20 per 
cent per year. This projection is based on recent experiences and 
trends in the most important wind turbine markets. Development 
in India, China, USA, Germany, Spain and Denmark is expected to 
play a particularly important role. In the short term, no capacity 
constraints in the manufacturing industry are foreseen. On the con-
trary, strong competition between manufacturers is envisaged. 
Looking ahead to the year 2007, total global accumulated wind 
turbine capacity is estimated to increase to 46 GW, amounting to a 
growth rate of 18 per cent per year between 2002 and 2007. 

World Lnergy Council: long-term development 

In the early to niid-1990s, the World Energy Council (WEC) pre- 
pared two global scenarios on the penetration of new renewable 
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energy resources, looking ahead to the year 2020, and specifically 
addressing the development of wind energy (WEC, 1994). The 
scenarios take as starting points two global scenarios formerly 
developed by the WEC Commission. 

The 'current policies' scenario 
in this scenario the existing general economic and technological 
trends are assumed to continue. The scenario is mainly based on 
'Case B' of the WEC Commission, including moderate levels of 
economic growth and technological development, and significantly 
increased reliance on energy conservation compared to a standard 
business-as-usual approach. 

The 'ecu/u icall)' driven' scenario 
In this scenario economic growth fcllows the level of the Current 
Policies scenario, but a strong political effort towards international 
equity and environmental protection is assumed. The use of p011ev 

measures such as environmental taxes and CO constraints imply 
considerable improvements in energy intensities and reduced CO 2  
emisson5. The scenario is mainly based upon 'Case C' of the WEC 
Colflm ission. 

Fable 2.5 highlights the WEC's projected global energy and elec-
tricity demand in 2020 according to the two scenarios. The table 
highlights the considerably slower development of energy and elec-
tricity demand foreseen in the Ecologically Driven scenario com-
pared with the Current Policies scenario. 

In each of these scenarios the development of wind power was 
examined specifically. The analysis was carried out at the 

Table 2.5 Development of energy and electricity demand by 2020 
according to the Current Policies and Ecologically Driven WEC scenarios 

Sn'nario 	 Global L'ner'y i/eeiand 	Global electricity niarul 
in 2920 (EJ) 	 in 2020(TWIi) 

Current policies 	570 	 25 625 
Ecologically driven 	485 	 20 275 

arc,': Sli EC 1 994) 
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regional/country level to estimate the possible penetration of wind 
power. The methodological approach was as follows. 

I A global investigation of wind resources and a global inventory 
of the electricity production system are performed for each 
country or region. 

2 A cost comparison of wind power generation cost vs. the cost of 
electricity production from conventional sources is carried out. It 
is assumed that a substantial penetration of wind power will take 
place when the long-run marginal cost (LRM(_') of wind power is 
lower than the LRMC for conventional electricity production 
plants. 

3 If wind power achieves substantial penetration, it is assumed that 
this adoption will nevertheless he limited by other constraints 
including financial barriers and/or constrained growth rates in 
wind turbine manufacturing and installation capacity. 

The development of wind power's generation cost thus constitutes 
an important assumption in both scenarios. In the Current Policies 
scenario it was assumed that R&l) activities would not be intensified. 
Therefore, the assumed reduction in wind power generation costs is a 
very modest 15 per cent during the period 1990-2010. In the 
I'.cologically Driven scenario it was assumed that R&D activities are 
intensified, and as a result the wind power production cost was fore-
cast to decrease by 30 per cent in the period 1990-2010, and by a 
further 10 per cent in the period 2010-20. Both assumptions appear 
highly modest compared with actual developments to date. Between 
the early 1990s. and late 1990s, per-kWh costs of wind energy have in 
fact already dropped by over 30 per cent; and since the late 1980s the 
decrease has been almost 45 per cent (see Chapter 4). 

Compared to the Current Policies scenario, the Ecologically 
Driven scenario assumes faster development of wind turbine 
efficiency, imposition of a substantial carbon tax on fossil fuels, and 
less severe financial constraints on the development of wind energy, 
The overall results of the two scenarios for wind energy are shown 
in Table 2.6, where it can he seen that the two scenarios diverge sub 
stantially. The volume of wind-generated electricity is 2.5 times 
higher in the Ecologically Driven scenario than in the Current 
Policies scenario in 2020. In 2020 wind-generated electricity is prr.- 
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Table 2.6 Installed wind turbine capacity and windgerierated electricity 
in WEC scenarios 

[rojected 3/aba? 	Projected global Share oft/abal 
wind capacity 	wind capacity  electricity 
ii 	20ft5 	and electricity detna ud /ii 

production 2020 
in 2020 

Sanario 	 GtV 	 GlV 	TlVh 	% 

Current policies 	62 	 180 	376 	1.5 
Ecologically driven 83 	 474 	967 	4.8 

Scorn: WEC (1994). 

jected to meet approximately 4.8 per cent of total global electricity 
demand in the Ecologically Drivcn scenario, compared to approxi-
mately 1.5 per cent in the Current Policies scenario. A relatively 
larger share of global electricity demand is met through wind in the 
Ecologically Driven scenario due to a lower projection of overall 
electricity consumption in this scenario (through improved energy 
consumption efficiency). 

L.ong-term high wind growth scenario 
In the autumn of 1998, BTM Consult carried out a study on the 
long-term global development of wind energy (BTM Consult, 
1998b). The scope of the study was to assess whether a target of 
10 per cent of annual global electricity demand could be supplied by 
wind power, and, if so, how soon this could realistically be 
achieved. BTM Consult employed a scenario approach, based pri-
marily on the following variables: growth of global electricity 
demand, availability of wind resources worldwide, an evaluation of 
current wind technology and its manufacturing industry, and 
prospective future improvements. 

Assuniptions of the development of electricity demand were based 
on forecasts performed by the International Energy Agency (TEA), 
using the 'Energy Saving' case in its 1996 World Energy Outlook. 
The more efficient use of energy projected in this case is likely to he 
present in any strategy emphasising intensive wind energy develop-
ment. However, the TEA case only covers the time period up to 
2010. BTM Consult therefore extended the case until 2025 by 
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Fable 2.7 Projected global electricity demand - extended LEA forecast 

Year 	 Global electricily demand (1W/i) 

2010 	 18230 
2025 	 25 264 

Soirce: ETNI Consult H 9981)). 

assuming a constant growth rate in electricity demand equal to the 
average projected growth rate between 1992 and 2010 (2.2 per cent 
per year). The resulting projected global electricity demand, shown 
in Table 2.7, is roughly compatible with the projected demand in 
the WEC scenarios discussed previously. 

Eased on this assumed development in global electricity demand, 
two scenarios were analysed. 

The iece; 11 trends' s cenu to 

This scenario is an optimistic business-as-usual case, where the 
existing j.ositive trends in wind energy development are continued. 
if assumes that the experiences of those countries who have 
achieved the most significant adoption of wind energy (Germany, 
l)enmark and India) are spread to other countries over time. 
Liberalisation of electricity markets is assumed to take place, and 
fair access to these markets is secured for wind energy. Fixed 
payment agreements between wind turbine owners and utilities 
prevail, and funds for improved technology transfer to developing 
countries are increased. 

The 'inlernational tigreemcnts scenario 

This scenario contains the same general assumptions as the Recent 
Trends scenario, but firm international commitments are assumed 
to further promote the adoption of wind energy. Concerning green-
house gas (GHG) emissions, binding international agreements with 
fixed and quantified targets are assumed for all countries/regions 
signing the Kyoto Protocol of the United Nations Framework 
Convention on Climate Change (UNFCCC). Additional funds for 
R&D and technology trans(er to the developing world are assumed 
to he made available. Models of emissions trading and joint i m pie-
mentation are assumed adopted. 
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Figure 2.3 Wind power adoption based on two high-growth scenarios 
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Both scenarios assume a cumulative installed wind power capacity 
of 20 GW by 2002 as the starting point. The two scenarios, together 
with analyses of wind technology's prgress ratio along the technol-
ogy 'learning curve', as well as saturation levels for wind power 
installation, lead to calculated growth rates for cumulative installed 
wind power capacity. The scenario analyses were not based on mod-
elling tools, but were carried out using fairly simple spreadsheet 
calculations 

Figure 2.3 shows the resulting global adoption of wind poWer in 
the two scenarios. To reach the oblective of meeting 10 per cent of 
global electricity demand, wind power will have to supply approxi-
mately 2000 TWh per annum within 15-20 years, corresponding to 
approximately 900 GW of installed wind power capacity. This level 
of penetration could be achieved in the International Agreenients 
scenario by 201 6-17 and in the Recent Trends scenario by 2025-26. 

Both scenarios indicate reductions in the production cost of wind-
generated electricity from today's level to approximately 3 US 
cents/kWh over the next 20-25 years. This would probably make 
wind power fully economically ccmpetitive with conventional 
power production. 

The possible contribution of such wind power development to 
carbon dioxide emission reductions is shown in Table 2.8. The 
Kyoto Protocol of the UNFCCC is expected to result in a global 
reduction in CO 2  emissions of 52 per cent (0.775 Gton CO,) by 
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Table 2.8 Possible contribution of wind power to reduction of CO 2  
emissions 

Scenario 	 Global CO, e,ritssiun 	 Contribution 
fcOlIi(tFom tltrouSli wind 	toward Kyoto 
energy (Cton CO 2/ye4r) 	laiets in 2010 

Year 2010 	Year 2025 	% 

Recent trends 	 0.178 	1.407 	23 
International agreements 	0.232 	2.529 	30 

5)I4rc: BTM Consult 1998b1, 

2010. The Recent Trends scenario would result in wind energy con-
tributing approxirnate]y 23 per cent of this Kyoto Protocol target by 
the year 2010, while in the International Agreements scenario wind 
energy would contribute approximately 30 per cent. Over the long 
term, wind power could potentially become one of the most impor-
tant options in combating global climate change. 

Large-scale implementation of wind power 

Being an inherently variable resource, whose output at any given 
time is difficult to predict, wind power entails certain added com-
plexities regarding integration into the electricity grid, compared to 
conventional electricity generation technologies. These complexities 
are discussed from a technical perspective in Chapter 3 and from a 
financial perspective in Chapter 5. Utility planners often assume 
that wind energy could not provide much more than 10 per cent of 
total electricity requirements without impacting on the technical 
stability of the electricity grid. Denmark, however, has been investi-
gating the possibility of meeting a considerably higher proportion 
of its electricity needs through wind. This section summarises the 
results of one such investigation which confirms the feasibility of 
more intensive reliance on wind energy. 

The study examined options for large-scale utilisation of renew-
able energy for power and heat production in the future Danish 
energy system and was carried out as a collaboration between Riso 
National Laboratory and the Danish electric utilities ELKRAFT and 
EI.SAM. The study addressed technical and system development 
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challenges which would arise if regional renewable energy resources 
are to form the main energy inputs to the future Danish power and 
heat supply system by 2030. Based mainly on fluctuating inputs 
from renewable energy technologies such as wind, photovoltaics 
and biomass, supply strategies were investigated which would he 
capable of providing the same quality of electric service as exists 
today (Nielsen, 1994). 

Wind power's fluctuating nature means that low wind speeds and 
hence low power generation may occur at times of peak electricity 
demand. Conversely, there could be an over-supply of wind-
generated electricity at times when demand is low. This is illustrated 
in Figure 2.4, which shows a hypothetical situation where wind 
power production corresponds to 50 per cent of the yearly electric-
ity demand in Denmark. The upper curve shows the varying elec 
tricity demand in one-hour time steps during a two-week period in 
springtime. The fluctuating wind power production, shown as the 
lower curve, is based on power curves for the average wind capacity 
in an assumed future system. The assumed wind speeds arc based on 
synchronous measurements at four selected locations in Denmark. 
In order to meet 50 per cent of the country's annual electricity 
demand with wind (and given wind power's low capacity fac torr), 

Figure 2.4 Hourly electricity demand and wind powcr production; wind 
power penetration 50 per cent 

Electricity demand 
Wnd power production  1 
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the assumed installed wind power capacity is close to the peak 
power demand in the system. 

Figure 2.4 not only shows very substantial fluctuations in wind 
power production, but also that wind power production greatly 
exceeds total electricity demand in certain periods. This excess elec-
tricity production is further exacerbated by constraints in other 
parts of the power production system which require that certain 
other generators continue to operate during this time. A high 
dependence on fluctuating wind energy therefore imposes strict 
requirements on the regulatioii capability of the rest of the electric-
ity supply system. 

Several possibilities exist for addressing the problem of excess 
electricity production. Regulating down the wind power production 
during periods of high wind speeds is one possibility, wiule export-
ing electricity to other countries may he another option. Other pos-
sibilities include more flexible operation of the country's combined 
heat and power system. Den mark possesses a large district heating 
network, and much of the country's space and water heating needs 
are met through combined heat and power (CHI') plants which 
both generate electricity and provide heat for the district heating 
system. ()ptions for absorbing excess electricity through the district 
heating system are described later in this section. 

Approach and assumptions 
The study employed a scenario approach, where the basic aims of 
society at large formed the starting point for the analysis. Economic 
growth, fuel price developments, energy demand and energy supply 
strategies were derived in accordance with meeting these fundamen-
tal aims for the overall society. 

A main scenario, called 'The Green Society', was developed which 
formed the basis for fundamental assumptions regarding the large-
scale utilisation of renewable energy. This scenario implies, for the 
energy sector, an assumption of a persistent political willingness to 
promote energy conservation and use of renewable energy 
resources, with an essential goal being to achieve substantial CO, 
emission reductions. The analysis examined both medium- and 
long-term perspectives, focusing on the years 2005 and 2030. A 
primary goal of the 'The Green Society' is to achieve a renewable 
energy utilisation covering 75 per cent or more of the expected 
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Table 2.9 Supply strategies for utilising renewable energy resources in year 
2030 

t4' of total 	 Supply stratep 

l)anis,0 electricity demand 	SI 	52 	53 

Wind I'ower 	 50% 	25% 	50 1yo 
Photovoltaics 	 0% 	0% 	15% 
Biomass 	 25% 	50% 	35% 

Total 	 75% 	75% 	100% 

5oime Nielsen (1994). 

Danish electricity demand in 2030. A milestone towards this goal is 
to reach a 25 per cent coverage of the electricity demand in 2005 
from renewable energy sources equally divided between wind power 
and biomass. 

Three long-term electricity supply strategies for utilising renewable 
energy were developed, shown in Table 2.9. The Si and S2 strategies 
place the primary emphasis on wind power and biornass, respec-
tively, and both strategies aim to cover 75 per cent of total electricity 
demand through renewabics in 2030. The third strategy, S3, includes 
photovoltaics as well as wind and biomass and aims to cover the 
entire Danish electricity demand in 2030 using renewables. 

A number of models were used to carry out the analyses. lhesc 
include a scenario model for energy, economic and environmental 
analysis of the overall system, supply system simulation and optimi-
sation models, and a model for dynamic load flow analysis of the 
electricity grid. 

The study carried out all assessment of the development of wind 
technology. Improved design and efficiency were assumed to reduce 
the specific costs of electricity from wind turbines by approximately 
25 per cent from 1994 levels by 2030. The unit size of typical mass-
produced wind turbines was assumed to increase from the 0.5 MW 
level available at the time of the study to approximately 2.5 MW in 
2030. Furthermore, future wind turbines were assumed to operate at 
maximum efficiency over a wide wind speed range using variable 
speed and active pitch control. The installation of wind power 
capacity during the period up to 2030 was assumed to follow a 
steady path. 
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It was also assumed for the technical analysis that interaction 
with the electricity systems of neighbouring countries would be kept 
at current leve]s. Thus, the need for increased regulation capability 
in the system, due to large quantities of fluctuating wind power, was 
assumed to be met from within the Danish system, rather than 
relying on extensive electricity imports and exports. 

Wind power and excess power generation 
Excess electricity production (electricity generation in excess of total 
electricity demand) increases as reliance on fluctuating wind power 
increases. Excess generation may further increase due to system con-
straints and limited regulation capability in other parts of the 
Qverall electricity production system. Figure 2.5 demonstrates excess 
electricity production as a consequence of increasing wind power 
production under Danish conditions. 

When wind power generation exceeds approximately 20 per cent 
of total annual electricity demand, excess electricity production 
begins to emerge. This is demonstrated by the lower curve in Figure 
2.5. When wind-based electricity covers approximately 50 per cent 
of total annual electricity demand, excess production will be close 
to 10 per cent, increasing to approximately 40 per cent when 

Uigurc 2.5 Excess electricity production and residual demand for 
conventional electricity, corresponding to different levels of wind energy 
penetration 
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electricity production from wind power equals total annual electric-
ity demand. The upper curve of Figure 2.5 shows the percentage of 
electricity demand that is not met by wind power and which thus 
must he produced by conventional power plants. In other words, 
even if wind power annually produces electricity corresponding to 
100 per cent of annual electricity demand, the timing of wind 
power generation will not fully correspond with the timing of 
demand. Hence, if annual wind power output equals 100 per cent of 
annual electricity demand, only approximately 60 per cent of this 
wind-generated electricity could be directly utilised, requiring that 
approximately 40 per cent of electricity demand he supplied by 
other means. 

Power supply and regulation capability 
The above discussion highlight5 the need for flexibility in the non-
wind generation system to absorb the fluctuations of wind power 
output. The desired combination of high regulation capability and 
high efficiency of electricity production points in favour of gas-
fuelled technologies. Gas technology was therefore assumed to play 
an important role in the future energy system, where high energy 
efficiency and system flexibility are essential. 

In The Green Society' scenario, the main new technologies 
assumed to he introduced in the longer term are biomass 
gasification, integrated gasification combined cycle (IGCC) and fuel 
cells using natural gas and syngas. 9  Based on these technologies, the 
biotnass utilisation in the system is expected to yield high efficien-
cies in electricity generation. In the short- to medium-term transi-
timi period, combined cycle plants using natural gas and circulating 
fluidised bed (CFB) boiler plants or multi-fuel plants utilising 
biomass are assumed. Gas turbines are assumed to supply peak load 
generating capacity. The consumption patterns for natural gas 
impose strong requirements on the flexibility of the gas supply 
system. 

Heat storage (of approximately one-day capacity) is utilised to 
decrease or eliminate constraints on combined heat and power pro-
duction. Furthermore, the heat storage capacity is used in combina-
tion with heat pumps. Excess electricity production from wind 
turbines is partly recovered by heat pumps to supply the district 
heating systems. If further heat production is required, the heat 
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Figure 2.6 Jhc percentage of different technologies covering electricity 
demand and 'excess' electricity utilisation 
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pump capacitY is used and electricity production is raised to supply 
the heat demand. The intcrlinkcd operation of the Danish electricity 
and heating systems thus provides a significant degree of tiexibility. 

Iigure 2.6 shows how different technologies contribute to electric-
ity supply in the three supply strategies, S1—S3. Wind power p]ays a 
key role in each strategy, providing 25-50 per cent of total electric-
ity demand, as outlined earlier in Table 2.9. Excess electricity and 
additional electricity production to operate heat pumps are included 
both above and below the x-axis. Approximately half of the excess 
production in the SI wind strategy and in the 53 strategy (wind, 
biomass and photovoltaics) is consumed by the heat pumps and in 
the S2 biomass strategy all of the excess production is absorbed by 
heat pumps. 

What remains of the excess electricity production is highly irreg-
ular in time and fluctuates greatly in power. A fraction of this is 
recovered as resistance heat and the remainder is unusable and is 
lost. Such losses occur in strategies Si and S3. In practice, this 
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unusable excess production would not in fact be generated. The 
wind turbine capacity in such situations must he capable of regu-
lating down its production to maintain stability on the national 
grid. However, as indicated in Figure 2.6, the percentage of total 
electricity production lost through excess production is fairly 
small, amounting to approximately 6 per cent in Si and 8 per cent 
in S3. 

Results 
The achievable CO 2  emission reductions in the energy system as a 
whole and in particular in the combined heat and power sector are 
substantial. In the year 2030, CO 2  emissions from the power/CHP 
sector are reduced in strategies Si and S2 by approximately 85 per 
cent and 88 per cent, respectively and by 100 per cent in S3 relative 
to the 1992 level, assuming that the burned refuse is CO 2—neutral. 
For the energy system as a whole, emissions in 2030 are reduced by 
60-70 per cent from the 1992 level for all strategies, which also 
reflects the effects of energy conservation measures in 'The Green 
Society'. 

The main conclusion of the technical analysis is that it should 
indeed be possible to develop well-functioning power and heat 
supply systems by 2030, in which 75-100 per cent of the electricity 
supply is based on Danish renewable energy resources. however, the 
average production cost of electricity in 2030 is expected to increase 
by around 30 per cent in strategies Si and S2 and by around 65 per 
cent in 53, relative to the 1992 level. The composition of average 
production costs in the three strategies shifts towards increased 
investment costs and reduced fuel costs. 

This conclusion regarding future electricity costs under the three 
strategies is based on a number of assumptions, and it must be 
emphasised that considerable uncertainty is associated with such 
long-term analyses, for example, concerning available energy 
resources, technological development and economic growth. It 
should also be mentioned that investments to improve energy 
efficiency on the demand side (power and heat consumption) are 
not included in the calculated costs on the supply side; and supply 
technology development costs which are not reflected in the assumed 
investment costs are not otherwise included in the calculated 
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average electricity production costs. Nevertheless, the study provides 
encouraging signs that a future electricity scenario based on wind 
energy meeting 50 per cent of society's total electricity needs 
is neither unachievable from a system operation perspective nor 
altogether unreasonable from a cost perspective. 



3 
Wind Turbine Technology and 
Industry 

This chapter provides an introduction to wind turbine technology, a 
discussion of technological development and grid interaction issues, 
and an overview of the wind turbine industry. We begin with a brief 
introduction to the history of wind power use, followed by an intro-
duction to the physical principles of extracting energy from the wind. 

A brief history of wind power utilisation 

People have used technology to transform the power of the wind 
into useful mechanical energy since antiquity. i\long with the use of 
water power through water wheels, wind energy represents one of 
the world's oldest forms of inechanised energy. Though solid histor-
ical evidence of wind power use does not extend much beyond the 
last thousand years, anecdotal evidence suggests that the harnessing 
of mechanised wind energy pre-dates the Christian era. 

The use of wind power is said to have its origin in the Asian civil-
isations of China, Tibet, India, Afghanistan and Persia. The first 
written evidence of the use of wind turbines is from Hero of 
Alexandria, who in the third or second century BC described a 
simple horizontal-axis wind turbine. It was described as powering an 
organ, but it has been debated as to whether it was of any practical 
use other than as a kind of toy. More solid evidence indicates that 
the Persians were harnessing wind power using a vertical-axis 
machine in the seventh century Al) (Shephard, 1990). 

From Asia the use of wind power spread to Europe. Historical 
accounts date the use of windmills in England to the eleventh or 
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twelth century. Witnesses also spoke of the German crusaders bring-
ing their windmill-making skills to Syria around ,w 1190. From this, 
one can assume that windmill technologies were generally known 
around Europe from the Middle Ages on. Early windmills and water 
wheels were used for simple low-energy processes such as water 
pumping and grain grinding; and they continue today to be used 
for this purpose in many parts of the world, particularly in develop-
ing Countries. Variations in windmill styles developed from place to 
place, with perhaps the most famous being the traditional Dutch 
style. Several Mediterranean islands are also known for their pic-
turesque old windmills. 

With the advent of the steam engine in the eighteenth century 
the world's demand for power gradually shifted to techniques and 
machines based on thermodynamic processes. The advantages of 
these machines over wind became particularly evident with the 
introduction of fossil fuels such as coal, oil and gas. The advantages 
of steam engines and steam and gas turbines were threefold. First, 
the new machines were more compact and able to deliver power on 
a much larger scale than necessary for just water pumping and 
grinding, allowing a whole new level of industrial development. 
Secondly, the engines and turbines could be located virtually any-
where, unlike windmills and water wheels which were dependent 
on the availability of good sites. And third, the new machines pro-
vided more reliable power than the wind, whose availability was 
vulnerable to changing weather conditions. 

As a result, the importance of wind energy declined during the 
nineteeth century and even more so during the twentieth century. 
The new fossil fuel-driven machines also had their drawbacks, 
however, because they required an external fuel source, and concen-
trated large amounts of power in one centralised location, making 
them less suitable for remote low-density locations. As a result, wind 
energy was able to maintain its viability in certain markets. In coun-
tries with populations scattered over large areas such as the 
Americas, Australia and Russia/USSR, wind power continued to play 
a role, particularly in the farming sector. 

The traditional windrose model - the multi-bladed wind turbine 
used on farms throughout the world - was further developed and 
refined over the years. The wood used in most parts of these 
machines was replaced by iron and steel. Lattice steel towers were 
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introduced, and even steel blades came into use. This transforma-
tion from wood to steel did not happen overnight but rather went 
on for some decades and contributed to the optimisation of these 
wind turbines. By the middle of the twentieth century, the 
Aermotor Company of Chicago claimed to have 800 000 windmills 
in service, mostly for water pumping. These machines were built 
from the late 1890s and were made of steel. 

With the increasing electrification of the industrialised world, the 
role of wind power continued to decrease further. Fossil fuels 
demonstrated their competitive advantage in providing electrical 
power cost-effectively on a large scale. However, work on wind tur-
bines continued to a wider extent than is commonly assumed. 
Though it is often assumed today that interest and research in wind 
power vanished due to overwhelming competition from fossil 
energy sources, this is in fact not the case. Around the world, theo-
rists and practitioners continued to design and construct electricity-
producing wind turbines throughout the twentieth century. 

In 1891 Poul la Cour and a team of Scientists at Askov Folk High 
School in Denmark installed the world's first electricity-producing 
wind turbines and established a test station for wind turbines, 
funded by the Danish government. As a result of this and the fuel 
shortage during the First World War, by 1918 one-quarter (120) of 
all Danish rural power stations used wind turbines for generating 
electricity. These turbines had a rated capacity of 20-35 kW. Also, 
during the Second World War, 50-70 kW wind turbines were 
installed in Denmark. In America the Jacobs brothers manufactured 
battery-charging wind turbines in the 2.5-3 kW range in large 
numbers from 1925 to 1957. The famous 1250 kW Smith—Putnam 
wind turbine was erected in 1941 at a place called Grandpa's Knob 
in Vermont, USA. Also, in the 1920s and 1930s the Frenchman 
F. M. Darrieus and the Finn S. J. Savonius designed and tested new 
concepts for vertical-axis wind turbines (VAWT). VAWT designs 
have never succeeded in gaining significant market share, but the 
North American firm Flowind did mass-produce a turbine of the 
Darrieus concept during the 1980s. 

On the theoretical research side as well, efforts have continued 
throughout the twentieth century. La Cour carried out groundbreak-
ing empirical observations using a primitive wind tunnel around the 
turn of the century. One of Ia Cour's students was J. JuuI, who was 
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employed by the power utility SEAS and after the Second World 
War headed a research and development programme on wind 
energy utilisation. This R&I) effort formed the basis for juul's pio-
neering design of the modern electricity-producing wind turbine - 
the 200 kW Gedser turbine - installed in 1957 and in operation 
until 1967. 

In the 1920s the Gernian professor Albert Betz, of the German 
aerodynamics research centre in Gottingen, made groundbreaking 
theoretical studies on wind turbines in the light of modern research, 
Also in the 1920s H. Glauert provided an aerodynamic theory for 
wind turbines. These theoretical contributions of Betz and Glauert 
remain the foundation of today's rotor theory, as discussed in the 
following section. 

Other important contributors to the development of wind power 
theory include the Austrian engineer Ulrich HOtter, who worked in 
the late 1930s as chief engineer at the state-owned Ventimotor wind 
turbine firm in Weimar, outside Berlin. In 1942 he received his doc-
toral degree from the University of Vienna through a theoretical 
study on wind turbines; and in the 1970s he was called upon again 
by the West German government to lead a research effort in wind 
power tech niques. 

Important American wind energy pioneers include Palmer C. 
Putnam, the man behind the wind turbine at Grandpa's Knob. In 
1948 Putnam issued a textbook on wind energy which is now con-
sidered a classic. Percy H. Thomas, Putnam's colleague on the 
Grandpa's Knob project, was also very active in this field during the 
1940s. In 1955 another American, E. W. Golding, issued a textbook 
with the title The Generation of Electricity by Winl Power, and it was 
widely used in new editions during the 1970s and 1980s. Research 
and production of electricity-producing wind turbines continued in 
the USSR as well. In the 1950s E. M. Fateyev published a number of 
titles, of which at least one was translated into English by the 
National Aeronautics and Space Administration (NASA) and has 
been widely referred to. 

Major international conferences included a United Nations 
Educational, Scientific and Cultural Organization (UNESCO) confer-
ence on wind and solar energy in New Delhi in October 1954, and a 
World Power Conference held in Brazil in July 1954 (Golding, 
1976). In 1961 the United Nations Conference on New Sources of 
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Energy was held in Rome. The proceedings from this conference 
were published in 1964 (United Nations, 1964) and they contain 
key sources of information regarding the international development 
of wind power utilisation in the first half of the twentieth century. 

Hence, research in wind power utilisation did not die because of 
competition from fossil fuels but rather made steady progress over 
the past 100 years. The revival of more widespread interest in wind 
power after the oil crises of the 1970s did not require starting from 
scratch and was able to build on a solid foundation of theories and 
practical experiences. By the time the new era of wind energy began 
in the 1970s and 1980s, new materials and technologies had also 
become available. As composite materials such as fibreglass proved 
highly suitable for wind turbine rotor b'ades, blade design has 
become increasingly sophisticated; and electronic controls for wind 
turbines also continue to advance. 

Extracting energy from the wind 

A basic understanding of the theoretical possibilities and limitations 
for extracting energy from the wind is helpful for understanding the 
fundamentak of wind power technology. The deductions of Betz 
(920), though not directly applicable to practical engineering corn-
putations today, help illustrate the forces at work around a wind 
turbine propeller and are highlighted here in a slightly altered form. 
Figure 3.1 shows a wind turbine with a rotor radius (blade length) r, 
exposed to a uniform, non-turbulent flow. The undisturbed velocity 
has a magnitude Uü and a direction perpendicular to the rotor. 
Behind the rotor, a circular wake with a uniform speed deficit au 
expands. In other words, a represents the fractional loss of wind 
speed through the rotor. By assumption, the wake at the point of 
creation has a radius equal to the rotor radius r5 , increasing to 
some distance downstream. Outside of this area impacted by the 
wind turbine s  the wind speed is assumed to have the free stream 
value U. 

A cylindrical control volume is devised so that it starts in the 
undisturbed upstream flow (to the left in Figure 3.1) and has a 
radius r coinciding with the wake radius, where it ends (to the 
right). Thus, the flow speed is 0a = - = ii (1 - a) at the right 
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Figure 3.1 Control volume for momentum and energy balance 

Li 

end of the cylinder ., and the uniform flow speed outside the control 
volume is u. 

As described in Chapter 2, the kinetic energy of the wind is 
expressed by: 

KE= 12 pVu 2 , 	 ( 3.1) 

where: 
KE = kinetic energy (kg m 2/sec2 , or joules); 
p = air density (kgJm); 
V = volume of air (m 3 ) 

= air speed (m/sec). 

The volume of air V in the cylinder is equal to the cross-sectional 
area 7r2  multiplied by the horizontal displacement, dx. By setting 
the horizontal depth of the air volume equal to the distance trav-
elled by u ,, per unit of time dt, the horizontal displacement dx equals 
u. Thus, the volume of air V is equal to and the kinetic 
energy of the air volume at any given tinie is equal to '12prr2uu2 . 

As outlined in Chapter 2, power equals the change in kinetic 
energy over time. At the left end of the cylinder in Figure 3.1, the 
wind speed is u, and the kinetic energy is '1zp-r2 r1 u 2 , while at the 
right end of the cylinder, the wind speed is U(I and the kinetic 
energy is 112P7TT211aI1. 
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Therefore, the power extracted by the wind turbine, represented 
by the change in kinetic energy through the cylinder, is given by: 

= 1 12p'rrr 2 u, (o- u). 	 (3.2) 

By convention, power is often expressed in terms of the free wind 
speed ur,  the swept rotor area, defined as the area of the circular disc 
'drawn' by the blade tips (n-r), and the so-called power coefficient 
c, representing the fraction of the wind's kinetic energy extracted 
by the turbine. Expressed in this way, power is given by: 

= '/2f7TfCpt1. 	 (3.3) 

In order to finalise Betz's deductions, we make the additional com-
monly held assumption that the speed deficit of the flow when 
passing through the rotor is half of what it finally becomes down-
stream. With this assumption, continuity in the wake stream tube' 
(starting with the rotor disc to the left and coinciding with the end 
of the control volume to the right, see Figure 3.1) yields 

ru,,(1 -a) = 7T ru,(1 - a) 	= 	. 	 (3.4) 

Combining equations (3.2)-(3.4) allows the derivation of the follow- 
ing expression for the power coefficient c defined in equation (33): 

= '12(2 0)20. 	 (3.5) 

Again, a represents the fractional loss of wind speed through the 
turbine. Since a is unknown, this result does not appear very useful 
in determining the potential power yield from a wind turbine. 
However, by differentiating equation (3.5) with respect to a, the 
upper limit of the power coefficient can be determined: 

dc 	 16 
-4a+2=O a 	max{c,}=_. 	 (3.6) 

da 	 27 

In other words, the wind turbine can utilise UI)  to a theoretical 
maximum of 16/27 59 per cent of the kinetic energy passing 
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through its swept rotor area. This maximum is called the Betz Limit 
and has become a virtual rnantra in the wind energy community. 
Many would claim that, despite the simplicity and other weaknesses 
in the deductions, the Betz Limit of 59 per cent cannot be exceeded. 
Practical experience with wind turbines tends to support this claim, 
and modern wind turbines currently operate at efficiencies of 
45-50 per Cent. 

However, by mounting varies on the blade tips or other devices 
that concentrate the flow, it is possible to augment the efficiency. 
Using such vanes, one cou]d say that the swept area is effectively 
increased without increasing the actual projection of the rotor con-
tours on the vertical plane. In economic terms, such flow concentra-
tors appear to be only partly feasible since they tend to increase 
loadings, and hence costs, relatively more than they increase 
efficiency. 

Wind turbine engineering 
As stated above, the overall momentum and energy balance consid-
erations underlying the Betz calculations are not applicable today 
for practical design purposes. At the threshold of the twenty-first 
century, wind turbine engineering is a highly technical discipline 
which draws on a comprehensive framework of theories and numer-
ical calculation methods. 

Detailed discussion of modern turbine design methods is well 
beyond the scope of this hook. However, the following pages 
present a brief introduction to modern design methods and consid-
erations. Wind turbine engineering can be roughly grouped into five 
areas of focus. 

The first area is wind structure. It is of vital importance in wind 
turbine engineering to understand the structure of the wind itself, 
especially issues such as the wind's turbulence and extreme values. 
Turbulence involves rapid changes in the wind's speed and direc-
tion, causing fatigue loads in turbines' mechanical components. 

The second area, aerodynamics, deals with the wind's flow through 
the wind turbine rotor and around the blades for determination of 
the wind's forces on the blades and rotor. The work horse' for cal-
culating aerodynamic loads and performance has been the Blade 
Element Momentum (BEM) method, developed by H. Glauert in the 
1930s   (see Gauert, 1935). The BEM method subdivides the rotor 
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into annular sections of suitable size and forms relations between 
the local wind speed and blade forces. Besides the BEM model, a 
number of other more advanced models exist such as the gener-
alised actuator disc niodel and the full three-dimensional 
Navier—Stokes modcI. As the BEM model is fairly simple and fast to 
use, it is well suited for design and optimisation purposes. For more 
specialised purposes, the BEM model can be supplemented by ele-
ments of other models such as a dynamic stall model. 

Development and design of airfoils for wind turbine rotor blades 
(and for aircraft) was from the beginning completely empirically 
based. Experimental research was carried out in Gottingen (in 
Germany) during the First World War and later by the National 
Advisory Committee for Aeronautics (which subsequently evolved 
into NASA) in the USA. This research resulted in a theoretical frame-
work and a number of families of airfoils as reported in the classic 
book by Abbott and von Doenhoff, 1959. These airfoils were widely 
used for wind turbine blades until the early 1990s. Today, airfoils 
specially designed for wind turbine blades can be developed and 
designed through use of advanced computer-based calculation 
c)des..lhe first of these airfoil families for wind turbine blades were 
presented in the 1980s (Tangier and Somers, 1985; BjOrk, 1989). 

A special issue in the field of aerodynamics is that of aeroa-
coustics, where aerodynamic theory is applied towards understand-
ing and minimising the noise created by the wind's flow around 
rotor blades. The aeroacoListic models used today rely on a consider-
able number of empirical relations, whereas computational acroa-
coustics (CAA) is a rather new discipline in wind turbine 
engineering, still at the basic research level and not yet applied in 
practical design. 

The third area of focus involves sfructural dynamics. This area deals 
with wind turbines' response to aerodynamic loads from the wind. 
The combination of aerodynamics and structural dynamics is called 
aeroelastics. Comprehensive computer codes based on aeroelastic 
models are used for the practical determination of loads on and 
design of wind turbines. The code most widely used within the 
industry is known as FLEX4 (Q)ye, 1992). 

The fourth area is that of loads and safety. The actual design loads 
for a wind turbine are determined by a number of critical opera-
tional modes (start-up, steady operation during high wind speeds, 
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emergency brake and so on). For each of the operational modes the 
aeroelastic codes are used to simulate the loads on the turbine. 
When the critical design loads are determined, the allowed stress 
and strain in the individual components are known, and safety 
levels are clarified, the geometric design of the components can 
then be made. International standards and design guidelines play an 
important role in this area. 

Finally, the area of design and optimisation comprises the 'black 
box' of practical wind turbine design, taking the above four areas 
into account. Until recently, the choice of geometric values for the 
rotor and final design of wind turbines was based on a combination 
of aeroelastic load calculation tools, guidelines and design codes, 
and the designers' and engineers' empirically based experiences. 
Today, turbines often are designed by use of numerical optimisation 
tools (Fuglsang and Madsen, 1996). In general an optimisation tool 
consists of an aerodynamic or aeroelastic code, a cost function 
which provides a relation between load and costs for the individual 
turbine components, and an optimisation algorithm. The design 
problem is now defined by the parameter which must be optimised, 
for example, minimal cost per kWh; and furthermore the design 
space must be bounded by constraints, for example, the size of the 
turbine. The advantage of the numerical optimisation tools is that a 
large number of design parameters can he treated, and the optimisa-
tion is performed using the whole operational interval of, for 
example, wind speeds. 

These tools are based on two methods. For single design point 
methods (SD), the geometric design of a rotor is optimised for one 
operational situation (a certain average wind speed). For multiple 
design point methods (MD), the rotor can be optimised for several 
operational situations. Both methods are based on the BEM theory. 
In the late 1980s numerical methods for SD optimisation of rotors 
introduced a systematic parameter variation for different design 
parameters aiming to maximise turbines' energy production. In the 
early 1990s some first-generation numerical MDbased optimisation 
algorithms were developed, also with the aim of maximisiug wind 
turbines' production. Most recently, second-generation tools are 
being developed. These second-generation numerical optimisation 
tools are aiming directly at minimising the per-kWh costs of the 
turbine by linking a cost structure to the geometric design of a 
turbine (Fugisang and Madsen, 1996). 
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To these five areas of design focus, one must of course add other 
major topics such as advanced electrical engineering for generator 
design, control engineering for design of wind turbine controllers, 
composite materials engineering for blade manufacturing and so on. 

Modern wind turbine technology 

Modern wind turbine technology can be classified into three main 
categories: large grid-connected turbines, intermediate-sized tur 
bines in hybrid systems, and small stand-alone systems. Large grid-
connected wind turbines, in the size range of 150 kW and up, 
account for by far the biggest market value among wind turbines. 
The size of commercially available grid-connected wind turbines has 
evolved from 20-50 kW in the early 1980s to the 500-800 kW range 
most common in the late 1990s. Turbines in the 1-2 MW size range 
have been installed as prototypes since 1995 and have been com-
mercially available since 1997. Today grid-connected wind turbines 
are often placed in wind farms of 10-100 MW which are operated as 
a single plant. Different wind turbine design concepts are in use, the 
most common currently being three-bladed, stall or pitch regulated 
(sec following section), horizontal-axis turbines operating at near-
fixed rotational speed. 

Intermediate-sized wind turbines in the 1-150 kW range can 
operate in hybrid energy systems combined with other energy 
sources such as diesel, small-scale hydro, photovoltaics, and/or 
storage systems. Intermediate turbines have significant potential for 
use in rural electrification. In areas with high costs of electricity and 
a sufficient wind resource (over S m/s) such wind turbine-based 
systems can also offer reliable and competitive solutions for applica-
tions such as water pumping, sea water desalination and so on 
(Hopkins, 1999). The technology for wind turbines in hybrid energy 
systems is ready for the market, and several potential large markets 
have been identified. Nevertheless, potential customers for this tech-
nology, including governments, international development banks, 
aid organisations, local utilities and industries, have been hesitant 
in installing these systems due to their lack of solid track record. 
Further demonstration programmes may be required to build 
confidence in these systems' reliability and cost-effectiveness in 
order to establish a solid market. 
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Small 'stand-alone' wind turbines of less than 1 kW for water 
pumping battery charging, heating and so on represent the third 
turbine category. The most commercially successful in this category 
are very small wind turbines in the 25-150 watt range with rotor 
diameters of 0.5 to 1.5 metres. Such small wind turbines are widely 
used for battery charging at remote telecommunication stations. 
Yachts also often carry a very small (less than I kW) wind turbine 
for battery charging which can be used for television sets, comtnuni-
cation systems and small refrigerators. 

This book focuses on wind energy technologies used for electric 
applications, as these have undergone the most significant techno-
logical advances and are thought to hold the greatest promise for 
future applications. However, the most common technology cur-
rently in operation remains the mechanical farm wind pump. One to 
two million units are in regular use worldwide, with over 50 known 
manufacturers active in this field. The main application for mechan-
ical farm wind pumps is for drinking water supply in rural areas, and 
the present annual installation of wind pumps is estimated to he on 
the order of 5000 to 10,000 units (E.urec-Agency, 1996). 

Principal components of the wind turbine 

Wind turbines come in two broad categories the horizontal-axis 
turbine whose blades appear similar to aeroplane propellers, and the 
vertical-axis turbine whose long curved blades are attached to the 
rotor tower at the top and bottom and have the appearance of an 
eggbeater. Vertical-axis turbines have not lived up to their early 
promise, and today virtually 100 per cent of existing turbines use 
the horizontal-axis concept. This chapter therefore focuses exclus-
ively on horizontal-axis machines. The principal components of a 
modern horizontal-axis grid-connected wind turbine are illustrated 
in Figure 3.2 and are described below. 

• Rotor. The rotor includes the blades and hub. The rotor can 
rotate either at near-fixed speed, or at variable speed, depending 
on the design concept. With fixed-speed operation, the rotational 
speed is typically 20-25 rpm for a 700 kW wind turbine, though 
this is dependent on design criteria. Larger turbines with longer 
blades have slower rotations, while small turbines with short 
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Figure 3.2 Principal components of a wind turbine (pictured here is an 
upwind horiiorital-axis wind turbine) 
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blades rotate more quickly. For a three-bladed turbine, optimum 
power output is typically achieved when the ratio of blade tip 
speed to wind speed is approximately four to one. 

• Blades. The blades are attached to the hub. They can he 
attached in one of two ways: (1) in a fixed, angular position, 
known as stall regulation, or (2) on bearings so that the whole 
blade can be pitched at different angles depending on wind 
speed, known as pitch regulation. The cross-section, or profile, of 
the blade is designed to fulfil several requirements including high 
efficiency and good stall properties. Current wind turbines most 
often have three blades, but two-blade models are also common. 
Under stall regulation, the blade angle is set such that the blade 
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automatically loses its lift under very high wind conditions, thus 
passively restricting the amount of torque on the rotor. Under 
pitch regulation, the angle of the blade is modified based on 
wind speed to provide more optimal power output over a wider 
range of wind speeds. 

• Hub. The hub connects the blades to the main shaft. 
Hydraulic, mechanical or electrical equipment to drive the pitch 
setting of blades or emergency aerodynamic brakes are often 
mounted in the huh. 

• Nacelle. The box-like structure located behind the rotor blades 
is known as the nacelle. The nacelle contains the gearbox, the 
generator, and various control and monitoring equipment. The 
nacelle is attached to the tower through the yaw drive. 

• Gearbox. The gearbox increases the slow speed of the main 
shaft to a speed suitable to the generator. Thus, the speed of the 
rotor, which is typically well below 100 rpm, is increased up to 
the 1200-1800 rpm range required by the generator to produce 
grid-quality electricity. 

• Generator. The generator is typically of the induction type, oper -
ating at near-fixed speed. Other generator types are being applied 
in newer turbine concepts as outlined in the following section. 

• Yaw drive. The yaw drive aligns the nacelle so that the rotor 
axis points as accurately as possible towards the wind. Wind tur-
bines may face either upwind or downwind. The downwind 
configuration is more common among small turbines and uses 
passive yaw control, similar to a weather vane. The upwind 
configuration is used in most large modern turbines and requires 
active yaw control, in which the yaw motor is controlled by a 
wind vane on top of the nacelle. 

• Tower. The tower is typically of tubular design, particularly for 
large turbines. It is most often made of steel or, less frequently, of 
concrete. Lattice steel towers are also used but are today more 
common for smaller turbines. 
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• Control system. The computer-based central control panel of 
the wind turbine is typically mounted inside the tower (if 
tubular). The control system monitors gearbox and generator 
temperature, wind speed (if wind speed is above some set limit, 
the wind turbine may be stopped for safety reasons), vibration 
and so on. If the wind turbine is part of a wind farm, the turbine 
is connected to a central monitoring computer. 

• Foundation. The tower is bolted to the foundation, typically 
made of concrete. 

• Transformer. The low voltage electricity output from the gen-
erator is stepped up to grid level through the transformer. From 
the transformer, a high voltage cable or overhead line feeds into 
the main grid. 

What has been described above is the 'standard concept' as of 1998. 
New concepts are also under development and are discussed in the 
following section. 

Technological trends 2  

A United Nations conference on New Sources of Energy was held in 
Rome in 1961. Volume 7 of the proceedings from this conference 
was published in 1964 and concerns wind energy (United Nations, 
1964). The proceedings contain many high quality papers as well as 
several reporters '  summations. It iS astonishing how many discus-
sion themes are the same at the end of the 1990s as they were in 
1961. Comparing the state of the art in 1961 with today is quite 
useful and may provide some clues as to the future, in say 2030. The 
most visible differences between today and 30 years ago are in terms 
of the commercial market for wind turbines. In 1961 no commercial 
markets for wind turbines existed, and almost all turbines presented 
in Rome were prototypes or parts of research and development 
(R&D) programmes. Today the commercial market for wind turbines 
is growing very rapidly, and it is generally acknowledged that the 
future will bring a large, more or less stable, world market for wind 
turbines. 

All iniaginable concepts of wind turbine design were presented in 
Rome in 1961. No really new concepts have been developed since 
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then, and only a few concepts enjoy a significant market share 
today. It is expected that the future will bring a greater variety of 
concepts to the market, facilitated by the growth of the overall 
markets volume and the available strategies for newcomers entering 
this market. 

The prime current objective for industrial R&D in wind turbine 
technology is cost reduction. Wind turbine costs and, consequently, 
power production costs have decreased steadily since the early 
1980s.   Wind turbine technology's progress n,tio (the decline in costs 
each time the cumulative manufactured volume doubles) has been 
on the order of 10-15 per cent. This development is expected to 
continue in the future, perhaps at a slightly slower pace. 

The state-of-the-art turbine concept of the future will he a highly 
flexible machine. It has been generally acknowledged ever since 
1961 that highly flexible turbines are theoretically the most cost-
efficient. The problem is that highly flexible structures lead to high 
degrees of freedom in the structural dynamic design calculations. In 
1961 it was not possible to model and simulate the structural behav-
iour of even 'conventional' wind turbines, let alone highly flexible 
turbines. All designs had to he verified through measurements on 
full-scale turbines. This has given simple, heavy concepts with a low 
number of degrees-of-freedom a competitive advantage. This advan-
tage for relatively simple machines has continued until today and is 
likely to remain in the near future. 

Recent development of fast and cheap computing technology, 
however, means that today engincer.s are increasingly able to use 
computer simulations of wind turbines' aeroelastic behaviour in the 
design process. The future will bring even faster computers, and a 
solid long-term R&D effort will perhaps provide a better understand-
ing of the aeroclastic behaviour of wind turbines. At that time, the 
design and verification of highly flexible wind turbine concepts will 
become practical. Flexibility is expected to increase in future wind 
turhines in three primary dimensions: structural flexibility, drive-
train flexibility and control flexibility. 

Regarding structural flexibility, it is generally acknowledged that 
lightweight designs with high structural flexibility are theoretically 
more cost-competitive than the heavier, more rigid turbines of 
today. Many papers and articles have argued for such two-bladed 
teeter huh, downwind lightweight designs. Industrial development 
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of lightweight turbines depends on tools for fast and re]iahle simula-
tion of flexible wind turbines aeroelastic behaviour. There is still a 
long way to go before such aeroelastic behaviour is fully understood 
and modelled. Faster computers together with the results of future 
R&D program iies will undoubtedly improve the tools for load simu-
lation and determination of load cases in the future As the tools are 
improved they will be utilised by the industry for increasingly 
flexible designs. 

II igher structural flexibility also means higher drive-train flexibi I-
ity (variable speed, gearless designs and so on). Such drive-train 
improvements will have two primary advantages: (1) increased elec-
tricity output and hence greater cost efficiency, and (2) improved 
power quality and grid interaction. Today several manufacturers 
have introduced variable-speed turbines. Introduction of further 
drive-train flexibility in the future will be determined by two factors: 

the speed at which power electronics become cheaper, and 
demands for high quality power by grid operators. 

Structural and drive-train flexibility are of a physical nature. 
Control flexibility concerns the knowledge built into the machine. 
All industrial products (automobiles, watches and so on) are incor-
porating ever-increasing computer technology, and wind turbines 
will be no exception to this trend. Wind turbines in the twenty-
first century will benefit from cheap and reliable computers and 
sensors to allow for adaptive operation. By developing flexible 
control systems, operating wind turbines can adapt to specific site 
conditions, to different safety levels, to the grids power quality, 
and take into account the used lifetime of vital components, and 
so on. 

Commercially competitive wind turbines have grown from 55 kW 
in the early 1980s   to more than 1000 kW today. Turbines of 2 MW 
are already available on the market and are likely to become more 
competitive within the next few years. This up-scaling is expected to 
continue at least one step further, to a 4-6 MW turbine. In Europe 
such turbines will be suitable primarily in offshore wind farms. 
Iransport and installation of very large turbines is not a problem 
offshore because of the availability of floating construction cranes. 
In other parts of the world with more land availability, 4-6 MW 
turbines can he I)laced on land, provided that logistical problems of 
size can be solved cost-effectively. 
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Investigations have indicated that wind turbines have a flat cost 
optimum for sizes from 500-800 kW and up. Therefore, factors 
other than optimising the cost of the turbine itself will determine 
the size of future commercia] turbines. These are factors such as 
logistics and impact on the landscape. We expect that the size of the 
most competitive turbine (taking all factors into account) will differ 
from market to market. This provides manufacturers with an inter-
est in developing new turbines in a variety of sizes, not merely 
developing ever-larger turbines, as has been the case in the 1990s. 

There is no reason to believe that the introduction of highly 
flexible designs will happen overnight. Established wind turbine 
manufacturers are not likely to gamble with their expensively 
acquired reputations as providers of reliable turbines. But they will 
have an interest in remaining competitive, and the current technol-
ogy will gradually adapt more flexible featu res. This gradualist 
approach has in fact been the key to the commercial success of 
today's largest turbine manufacturers. The order in which these 
incremental changes are introduced into commercial wind turbine 
technology will be driven by the demands of the markets, as differ-
cot markets demand different designs. 

Only newcomers into the wind turbine market will have an inter-
est in introducing designs radically different from the established 
technology. Some newcomers are expected to make such attempts 
as the market volume expands and offers interesting business oppor-
tunities. On this basis, a larger variety of concepts and designs is 
expected in the first decade of the twenty-first century. After this, 
approaching the year 2030 and the maturation of wind turbine 
markets, only very few concepts (and very few companies) are likely 
to he able to attain a commanding position. 

As costs have declined, other issues have also entered the agenda 
for industrial It&l). Wind turbine noise emissions have been 
lowered due to better designed blades, improved manufacturing 
quality of mechanical parts, and use of damper materials. Industrial 
designers are also increasingly involved in the design of wind tur-
bines, leading to enhanced visual aesthetics in the landscape. This 
visual aspect is of considerable importance, as discussed below in 
Chapter 6. Turbine quality and reliability have also improved dra-
matically. Today, average availability of modern wind turbines is 
on the order of 98 to 99 per cent. 
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Wind energy industry 

During the last 20 years the wind turbine industry has developed 
into a professional high-technology industry. Wind turbine manu-
facturing is concentrating in ever fewer companies, most of whom 
are European. In Table 11 below, the 11 largest wind turbine manu-
facturers are ranked by their sales (in MW) in 1998. The Figures for 
each manufacturer include any sales hy majority owned or fully 
owned subsidiaries. Sales of turbines in 1998 were most likely higher 
than the amount actually installed. The numbers in Table 3.1 
include those turbines registered as sold and manufactured but not 
yet installed at their destination. As can he seen from the table, the 
four largest companies together had a market share of nearly 70 
percent in 1998. The Indian company NEPC-ivlicon ltd (part-owned 
by NEG-Micon) has a strong position domestically and has marlu-
factured a large portion of the turbines installed in india. 

According to the Danish Wind furbinc Manufacturers Association 
(1999), Danish manufacturers produced 1216 MW of wind turbines 
in 1998 with a value of DKK7 billion (- US$1 billion). This indicates 
that the global sales of the international wind turbine industry were 

Table 3.1 	Worlds largest wind turbine iTlaniifaetiircrs, ranked be MW said 
in 1998 

1610k Ma,lutetIuer Comitl r Al W Sold 
in 1998 

Al tV Sold 
To to! 

1 NF.U-M icon A/S Denmark 608 2 273 
2 Enron Wind Corp. USA 424 792 
3 Vestas Wind Systems A/S Denmark 385 1 878 
4 Enercon (imbli Germany 334 1 065 
S Garnesa EOlica S.A. Spain 171 360 
6 Bonus Energy A/S Denmark 149 859 
7 Nnrdex Halckc—Dürr GmhH Germany 131 332 
8 MADE EnergIas Renovahics S.A. Spain 105 232 
9 Ecotécnia Spain 47 77 

10 Mitsubishi lapari 38 279 
11 Desarollos Edlicos Spain 27 121 

Others 113 2 170 

Thtal 2 530 10 436 

.Souae 11151 (011 suIt 1 99Y I. 
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on the order of USS2 billion in 1998, which also matches estimates 
by the American Wind Energy Association (AWEA, 1999). The 
industry's annual growth rate has averaged around 30 per cent per 
year during the 1990s, and similar growth rates are expected in the 
foreseeable future, making the wind power industry one of the 
world's fastest growing business sectors. These growth rates have 
necessitated changes within the manufacturing industry. 

The first change concerns the ownership and capital base of the 
industry. Most modern wind turbine manufacturers started as pri-
vately owned small and medium-sized enterprises, but a broader 
capital base is needed to fuel their current growth. Some companies 
have accessed capital through public issues of equity. Today, NEG-
Micon A/S and Vestas Wind Systems A/S are publicly owned compa-
flies whose shares are listed on the Copenhagen Stock Exchange. 
Other companies have secured a larger capital base through acquisi-
tions by larger companies. For example, Nordex Balcke-DUrr Gmbl -1 
is partly owned by the large German group Deutsche Babcock 
GmbH. Enron Wind Corp was formed when the American energy 
giant Enron Corp purchased Zond Energy Systems of the USA and 
[ache Wind Energic of U erniany. Through this purchase (and 
thanks to the resurgence of the American wind market in 1998), 
Enron achieved 424 MW of sales in 1998, second only to NEC-
Micon, compared to the 9thi  and 11 tIi  place rankings of Zond and 
Tacke in 1997 (with 38 MW and 29 MW of sales, respectively [BTM 
Consult, 1998a]). 

The second major change in the industry is the wave of mergers 
which has occurred in recent years. The above-mentioned merger of 
Zond and lacke into the new Enron Wind Corp is but one example 
of this. The Danish company NEG-Micon was formed through a 
merger between two Danish companies, Nordtank F.nergy Group 
A/S and Micon A/S; and NEG-Micon has since gone on to acquire 
three smaller wind turbine manufacturers (the Danish company 
Wind World, the British company Wind Energy Group and the 
Dutch company NedWind) and a number of vendors. This process 
towards fewer but larger companies is expected to continue in the 
years to come. 

Third, as will be elaborated in the following section, globalisation 
has taken place in the companies' organisations for sales, manufac-
turing and service. 
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Local manutacturing 
The main manufacturers of large wind turbines are located in 
Denmark, Germany, USA, India, Netherlands and Spain. The major 
wind turbine man ufacturers have established production facilities 
and joint ventures in many of the worlds large wind turbine 
markets. Several Danish wind turbine manufacturers have estab-
lished production in Germany and Spain. European-designed tur-
bines and key components are also manufactured under licence or 
through joint ventures in several developing countries, including 
india and China. 

Establishment of local or regional industrial capabilities takes 
many forms, ranging from the purchase of imported turn-key pro-
jects to establishment of complete local wind turbine inanufactur-
ing capability. Typical iy, the first projects in a country are 
characterised by importation of the wind turbine, including the 
tower, as a turn-key project or a BOOT (Build, Own, Operate and 
Transfer) project. Usually local companies will he hired to build 
foundations arid to establish grid connections, but the remainder of 
the work will be foreign-based. If a project exceeds a certain volume, 
siniple structures such as towers might also he purchased locally. 

The next step can he the establishment of a local or regional 
assembly plant, where all major components are provided as kits 
from a wind turbine manufacturer. Such assembly plants can be 

fully owned by the parent wind turbine mnanufacturer.A joint 
venture between a local manufacturing company and a wind 
turbine manufacturer is also an option, or the assembly can take 
place within a local order-producing manufacturer. Ihe actual 
arrangement depends on the size of the market and on local indus-
try policies. 

If the local market is big enough a wider manLifacturing capability 
is usually established in the shape of a subsidiary or joint venture in 
which more vital components are manufactured locally. Local net-
works of vendors nught also be built up. This is the case in Spain, 
where several of the large domestic wind turbine producers are joint 
ventures. For example, Gamnesa F.Olica S.A. is a joint venture between 
Gamesa (a large engineering conglomerate), the state-owned 
S()DENA (Sociedad de Desarrollo de Navarra) and the Danish wind 
turbine manufacturer Vestas Wind Systems A/S. The earlier-men-
tioned Indian company NEPC-Micon Ltd. is a joint venture between 
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the Indian conglomerate NLPC and the Danish wind turbine manu-
facturer Micon. 

Though no simple rules can he outlined for how and when local 
wind turbine manufacturing is established, three factors are impor-
tant. First the local market must be of a substantial size, for 
example on the order of 30 to 50 MW annually. Secondly, this 
market must he stable; the political context around a country's wind 
power programme must be stable with no rapid changes in the fore-
seeable future. Finally, establishment of local manufacturing can be 
helped by active industrial incentives. In the Spanish case some of 
the loint ventures are located in areas with high unemployment. 
Politically, creation of local jobs may be considered as important as 
the development of clean energy. 

Components and services 

Casting a glance in one of the international wind power trade maga-
zines Or at the exhibitors' list at a wind energy conference reveals 
that a significant number of companies and consultancies have 
developed to provide services to the wind industry. Many small 
companies have emerged as vendors for special wind industry prod-
ucts, but large international engineering companies such as ABB, 
Siemeiis and SKF have also become involved. 

In terms of turnover, blade manufacturers comprise a large 
segment of the component industry. Blade design is one of the most 
'high-tech' aspects of wind energy, and several of the leading wind 
turbine manufacturers use specialised vendors for blades.Fhe blades 
typically constitute between 15 and 20 per cent of the total cost of 
the wind turbine. Companies such as the Danish LM Glasfiber A/S 
and the Dutch merger of Aerpac and Rotorline hold a large share of 
the blade market. 

In the 1980s a large portion of the components used in wind tur-
bines were standard off-the-shelf components. But as the industry 
has matured, production volume has increased, and technological 
competition has called for more spccialised components tailored 
specifically for use in the wind power sector. loday, most compo-
nents such as gear-boxes and generators used in wind turbines 
embody a high degree of specialised experience and R&D. 
Manufacturers of these components have often established sLibstan-
tial businesses as vendors to the wind turbine industry. For example, 
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even though there are no major wind turbine manufacturers in 
Finland, Finnish vendors to the international wind turbine industry 
had a turnover of FIM 300 million (-USS60 million) in 1997, mainly 
for gearboxes and induction generators (LEA, 1998). 

Apart from blades, transmission systems and generators, a supply 
industry has also developed for components such as bearings, 
brakes, controllers, measurement and sensor systems, and telecom-
munications. Several metal fabrication companies have specialised 
in, for example, manufacturing of welded towers, and casting of 
hubs and main shafts. 

Other specialised wind industry services have also emerged. In 
Denmark and Germany, a few banks and insurance companies have 
developed special competencies in insurance and financial services 
for wind power developers and owners. Transport companies have 
specialised in transporting nacelles, towers and blades from produc-
tirni facilities to installation sites; and crane companies have a 
significant business in assisting during installation of the turbines. 
Service and maintenance is usually carried out directly by the wind 
turbine manufacturer, but several independent companies also 
provide this service for wind turbine owners. The wind energy 
sector also provides opportunities for a variety of consultancies and 
software providers. 

Standardisation and certification 
Within the framework of the EU's CENELEC (European Committe 
for Electrotechnical Standardization) organisation and the 
International Electrotechnical Commission (TEC), international 
standardisation of wind energy technology has taken place over the 
past ten years. This includes technical standards for safety and 
loads, quality assurance systems for wind turbine production and 
installation, and quality systems for certification bodic5 and for 
measuring bodies. International standardisation and certification of 
wind turbines are not easy tasks because different national tradi-
tions exist in this area. In the European tradition, certification is 
normally regulated by national (or European) authorities, and stan-
dardisation is driven by governmental institutions and research 
centres in co-operation with industry. In the American tradition, 
certification is less of a matter for the authorities, and standardisa-
tion is primarily driven by the industry itself. 
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It is generally acknowledged that the European-type approval and 
certification systems have helped the European wind turbine indus-
try develop a reliable and competitive technology. As the industry 
matures in the twenty-first century, we expect that the emphasis on 
national standards will decline and he replaced increasingly by 
international standardisation, and that industry will become more 
actively involved in standardisation. 

European certification companies such as Germanischer Lloyds 
and Det Norskc Veritas have for a long time been active in provid-
ing type-approvals of wind turbines and certification of projects. 
Several other certifying bodies are active in the certification of wind 
turbine manufacturers' and their vendors' quality assurance systems. 
Recently, Underwriters Laboratories of the USA has also entered the 
wind power technology certification niarket. 

Wind energy's interactions with the electricity grid 

For energy planners and power utilities, wind turbines are still con-
sidered a new technology and raise several questions regarding the 
turbines' behaviour in relation to the general electrica] grid. Three of 
the primary issues of concern are wind energY's appropriate capacity 
credit, short-term prediction of wind resources, and power quality. 
Each of these issues is discussed in turn. 

Capacity credit 
Capacity credit can be defined as the fraction of a power plant's 
rated capacity which is likely to be available at the time of peak 
demand (Swisher et al., 1997). Because of the intermittent nature of 
wind power, one cannot necessarily depend upon a wind turbine to 
produce electricity at any given time. As a result, it is sometimes 
argued that the appropriate capacity credit for wind turbines is zero, 
meaning that wind turbines cannot be relied upon to operate at all 
at the time of system peak demand. However, this is not correct. 

The appropriate capacity credit of wind poss'er can be determined 
by use of the 'loss-of-load-probability' (LOl.P) approach, which is 
based on probabilistic considerations. The loss of load probability is 
a commonly used method for assessing the reliability of the power 
supply system with conventional power generation. The method 
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calculates the probability that the generation system will not be able 
to meet the required electricity demand due to both forced and 
scheduled outages of generators in the system. 

All generators in a power system, including coal, nuclear, natural 
gas and hvdro plants, will be out of service for part of any given year 
due to both scheduled maintenance and occasional breakdowns. 
The actual availability of, for example, diesel generator sets is nor-
mally in the range of between 70 and close to 100 per cent, whereas 
the expected availability is usually in the range of 90-100 per cent 
Hall and Blowes, 1995). There is therefore a certain probability that, 

because of these outages, consumer load will not be met. 
When wind energy is introduced into the power supply system, 

the wind turbines will contribute towards meeting the system load. 
The question is whether wind energy can substitute for conven-
tional generation capacity and, if so, by how much. The main 
problem when estimating the LOLP for a system with wind energy 
is how to handle the intermittent nature of wind power production. 
Since LOLP is a statistical framework, the natural approach is to 
handle wind energy production in a statistical manner. One 
approach is to divide a typical year into shorter time-frames having 
the same statistical properties. For example, one could divide the 
year into months and then calculate the LOLP for each hour in an 
average day for each month. These can then be aggregated to calcu-
late the total LOLP. The wind power production and the load will 
then be described by probability distributions for these time-frames 
as well as the availability of the wind turbines and the conventional 
generation. The availability 4  of modern wind turbines is very high 
being above 98 per cent. 

The capacity credit of wind energy can also be defined as the 
amount of conventional generation that is needed in the same 
power system, in the absence of wind energy, to have the same 
LOLP. In other words, if 1 MW of conventional generation capacity 
were required in a given system to obtain the same T.OLI' as with 
4 MW of wind capacity, then the wind energy's capacity credit 
would be 1/4  or 25 per cent. The LOLP of a system can therefore be 
calculated with and without wind energy, and the wind energy's 
capacity credit will be indicated by the amount of conventional 
generation required in its place to obtain the same LOI,P. Important 
issues determining the capacity credit of wind energy include the 
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average wind speed, the variability of the wind speed, the percent-
age of total electricity demand that is covered by wind energy (the 
penetration level), the correlation between wind speed at different 
wind farms, and the correlation between wind speed and load. 

It is generally recognised that, using the 1.01.1' approach, at small 
wind energy penetration levels (up to 10 per cent of total k'vVh pro-
duction) the capacity credit of dispersed wind turbines in a large 
grid is approximately equal to the wind turbines' capacity factor, 
typically in the range of 20 to 40 per cent. The reason for this is that 
the fluctuations of output from the wind turbines are averaged out 
by the large number of wind turbines, and that because of the 
spatial distribution of the wind turbines more long-term variations 
are also eliminated. When the penetration level of wind turbines 
increases, the capacity credit begins to decrease as the variations in 
wind power output become important. However, investigations 
indicate that even for systems with very high wind penetration 
levels, the capacity credit for wind is still 50-75 per cent of the wind 
turbines' average output. The Republic of Cape Verde, for example, 
achieved a capacity credit of 75 per cent of the wind turbines' capac-
ity factor at 25 to 50 per cent wind energy penetration (Tande and 
Hansen, 1996). 

ihough wind power production cannot he scheduled, it can be 
predicted, based on predictions of wind speed. Based on these pre-
dictions, the expected average as well as the expected minimum and 
maximum wind power production can he utilised in scheduling the 
dispatch of conventional generation, thereby reducing some of the 
stochastic nature of wind energy and increasing its value. This is 
elaborated upon in the following section. 

Short-term wind prediction 

It is of paramount importance for utilities with high wind power 
penetrations to know precisely the consumption and production of 
both conventional and wind generated power. To take full advan-
tage of wind farms (that is, to save maximum conventional fuel) it is 
also necessary to control the conventional po'er plant very pre-
cisely. The value of wind power to the grid can be improved by 
better prediction of electricity production from wind turbines. 

In response to the Danish government's targets for wind energy of 
10-12 per cent of total electricity supply by 2005 and 50 per cent of 
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total electricity by the year 2030, the Danish wind energy research 
centre at Riso National laboratory has placed a large research effort 
on this area. The approach used by Riso has been to combine 
numerical weather forecasting models with models that correct for 
very local conditions, such as wind speed-up on hills, the change in 
the roughness of surfaces (for example, fields, forests and water), 
and the shelter provided by large buildings. 

The chosen numerical weather forecasting model is the HIRLAM 
(hIgh Resolution limited Area Model) model of the Danish 
Meteorological Institute (DM1). This model runs operationally at 
DM1, producing forecasts twice a day for 36 hours ahead. The model 
domain covers Europe and beyond with a grid of around 50 km 
spacing. The model used to fine-tune these results to account for 
local conditions is the WAsP (Wind Atlas Analysis and Application 
Program) model developed by Rho in connection with the creation 
of the European Wind Atlas. The link between the HIRIAM model 
and the WAsP model is an equation called the geostrophic drag law, 
which relates the flow in the free atmosphere, where the flow is 
unaffected by the surface of the earth, to the flow near the earth's 
surface. These types of models are collectively known as Numerical 
Weather Prediction (NWP) models. 

If it is possible to predict the wind locally, an obvious extension 
of the model is also to predict the electricity production from a 
wind farm. One of the problems in modelling a wind farm is that 
when the wind comes from certain directions some turbines will be 
sheltered by others, resulting in reduced production from these shel-
tered turbines. The PARK program developed at Rho can he used to 
quantify this effect. 

The accuracy of NWP models can be tested by comparing their 
predictions with those of a simple persistence model, which 
assumes that production at any given time period is equal to the 
production during the previous time period. The persistelice model 
can be represented mathematically as P(f-i-l) = P(t). 

Despite the persistence model's simplicity, it in fact predicts the 
weather quite well due to the characteristic time-scale of weather 
systems. One often experiences that weather in the afternoon is the 
same as it was in the morning, so for some typical weather situa-
tions the persistence model can be difficult to heat using more 
advanced models. Tests of the NWP-based model show that in the 
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Figure 3.3 Performance of the NWP-bascd model compared with the 
persistence model for the 5.2 MW NoIsnnl heds Odde wind farm 
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very short term, for forecasts of 0 to 6 hours ahead, the persistence 
model actually outperforms the NWP-hased model. 

Figure 3.3 provides a comparison between the two models for an 
actual 5.2 MW wind farm at Nojsomheds Odde in Denmarl 
(Landberg, 1999). Some of the salient features of this comparison 
include the following: 

• The NWP prediction model outperforms the persistence model 
for predictions of more than 6 hours ahead. The persistence 
model's performance is very good for the first few hours but dete-
riorates rapidly thereafter. 

• The niean absolute error of the NWP prediction model is around 
15 per cent of the installed wind turbine capacity. Absolute error 
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is defined as the numerical difference between predicted and 
observed power production. 

• The decay in performance of the NWP prediction model is very 
gradual. Over a 36-hour time-span the prediction error barely 
increases, from approximately 15 per cent of installed capacity at 6 
hours ahead to 16 per cent of installed capacity at 36 hours ahead. 

• The mean error of the persistence model is very small. This 
follows from the definition of the persistence model. Note, 
however, that both models have small mean errors. This is due to 
the fact that positive and negative errors cancel each other out, 
causing the mean error to be much smaller than the mean 
absolute error. 

In Figure 3.3, the left-hand y-axis shows the total error in kW, 
while the right-hand axis ShOWS the error as a percentage of total 
installed capacity at the wind farm. The comparisons between the 
NWP and persistence models are based on one year's worth of data. 
Similar prediction systems have been implemented and tested for 
wind farms in various countries and regions, including Greece, the 
UK and the USA (Landberg, 1999). 

These results highlight the fact that wind predictions of up to 36 
hours ahead are almost as accurate as predictions 6 hours ahead. 
This is a very important result. As discussed in Chapter 5 accurate 
predictions of wind speed one day in advance are crucial for wind 
turbines to be viable bidding into the short-term forward markets 
which typically characterise competitive generation markets. 
Theoretically, NWP models can predict as far ahead as 72 hours, 
provided that the model domain is global. However, Iandberg and 
Watson (1994) estimate that realistic predictions are possible for up 
to 40-50 hours. 

Power quality 
Wind turbines affect the quality of power in the electricity grid, and 
vice versa. The term power quality' is not always well-defined but 
usually covers aspects such as reactive power demand, voltage level, 
voltage flicker, harmonics, frequency variations and so on (lande 
et al., 1996; Gerdes et al., 1997). Though concern has been 
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expressed over wind energy's potential impact on power quality, in 
real-life grid operations power quality has not yet been shown to be 
a significant problem, even in electrical grids with a high percentage 
of wind power. Furthermore, technologies are available to correct 
wind energy's power quality impacts. Power quality issues are dis-
cussed further below. 

Voltage level 
Wind turbines produce power and thus have an influence on the 
voltage level in the distribution system where the wind turbines are 
connected. The wind turbines will influence the voltage level at the 
point of common coupling (FCC) where the wind turbine is con-
nected, and from the FCC down in the distribution system. The 
voltage level higher up in the distribution system is also influenced, 
tip to the point where the power system automatically regulates the 
voltage level. 

Megavolt size (MV) substations often regulate the voltage level. In 
that case, the wind turbines will ordy influence the voltage level on 
the feeder to which they are connected. However, if the substation 
does not have such voltage regulation, then the voltage level on the 
MV busbar and consequently the voltage level on the parallel MV 
feeders will also he influenced by the wind turbines. 

Wind turbines will normally increase the voltage level in the dis-
tribution system due to their active power generation. 1 -lowever, at 
the same time, the reactive power consumption of the wind tur-
bines will decrease the voltage level. When wind turbines are 
installed on the grid, the voltage level is usually the designing para-
meter. To avoid costly reinforcements of the distribution system in 
that case, it can he viable to implement voltage-dependent power 
regulation of the wind turbines, or even voltage-dependent discon-
nection of the wind turbines from the grid. This will reduce the 
voltage level in the few periods where maximum wind energy pro-
duction would have caused too high voltage levels on the grid. 
Statistical methods to predict the lost power have been developed 
and are being implemented in international standards. 

Reactive power 
Wind turbines are often constructed with an induction generator 
connected directly to the grid. The induction generator consumes 
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reactive jower. From the utility point of view, it is desirable to 
reduce the consumption of reactive power in the system, and to 
meet this requirement most wind turbines with induction genera-
tors also are equipped with a bank of capacitors to compensate for 
the reactive power consumption of the wind turbine. 

As mentioned above, reduction in reactive power consumption 
will increase the voltage level. Therefore, high reactive power con-
sumption can reduce wind turbines' impact on grid voltage. On the 
other hand, it is generally desirable to reduce reactive power con-
sumption. The rationales for reducing reactive power are various 
and depend on specific grid conditions. In strong grids, the main 
concern is typically to reduce the losses in the system (and hence 
improve efficiency) by limiting the reactive power. In systems with 
insufficient production capacity, reactive power consumption can 
reduce production capacity even further. Finally, reactive power 
must also be taken into account when evaluating the stability of the 
power system. 

Voltage fluctuations 
In addition to raising the grid voltage level as discussed above, wind 
turbines can also cause voltage fluctuations due to their fluctuating 
power output (as a result of wind gusts). In other words, the current 
flowing from wind turbines changes with the fluctuations in power 
output, thereby contributing to voltage fluctuations in the grid. 
Voltage fluctuations in the distribution system can, depending on 
their frequency and amplitude, influence the power quality seen by 
electricity consumers and cause annoyances such as fluctuating 
lighting levels. 

The fluctuations caused by wind turbines are of minor importance 
when the turbines are installed in large wind farms. In such farms, 
the fluctuations caused by any individual turbine are relatively small 
and are to some extent cancelled out by the out-of-phase fluctua-
tions of other turbines. In addition, most wind farms are connected 
to the grid through dedicated lines at a higher voltage level, thus 
eliminating the fluctuations. 

The fluctuations caused by wind turbines are of greater impor-
tance when a limited number of very large turbines are connected to 
rural distribution systems. With even a few turbines, however, the 
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fluctuations of individual turbines are largely equalised by the 
others. On the other hand, the fluctuations from each wind turbine 
increase with the size of the turbine. For instance, a single 1.5 MW 
wind turbine will emit 2-3 times more flicker than ten 150 kW wind 
turbines. 

l[cuinonic and inlerliarinonic emissions 
The emission of harmonics and interharmonic current from wind 
turbines with directly grid-connected induction generators are 
usually assumed negligible. However, wind turbines connected to 
the grid through power converters do emit harmonic or inter-
harmonic currents and thereby contribute to voltage harmonic 
distortion. 

The first generation of power converters was based on self-com-
mutating semiconductors. These iriverters emit harmonics of rela-
tively low orders. To filter these requires relatively large and costly 
filters. Modern power converters are based on force-commutating 
semfconductors. Using these semiconductors with pulse width mod-
ulated (PWM) controllers can move the harmonic distortion to 
higher frequencies and also distribute the distortion between the 
harmonics as interharnionics. The filtering of these higher frequen-
cies requires much smaller and less costly filters. 



4 
Economics of Wind Energy 

As described in Chapter :, wind power is used in a number of differ-
ent applications, including both grid-connected and stand-alone 
electricity production, as well as water pumping. This chapter analy-
ses the economics of wind energy primarily in relation to grid-
connected turbines, which account for the vast bulk of the market 
value of installed turbines.' 

The main parameters governing wind-power economics include 
the following: 

• 	investment costs, including auxiliary costs for foundation, grid 

connection and so on; 
• 	operation and Tnaifltenance costs; 
• 	electricity production/average wind speed; 
• 	turbine lifetime; 
• 	discount rate. 

Of these, the most important parameters are the turbines' electricity 
production and their investment costs. As electricity production is 
highly dependent on wind conditions, choosing the right turbine 
site is critical to achieving economic viability. 

The following sections outline the structure and development of 
land-based wind turbines' capital costs, efficiency trends, and opera-
tion and maintenance costs. Offshore turbines are gaining an 
increasingly important role in the overall development of wind 
power, and they are thus treated in detail in a separate section. The 
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economic costs of wind power are then compared to the cost of con-
ventional electric power. And lastly, the chapter presents a brief dis-
cussion of the economics of wind power in hybrid, stand-alone and 
water-pumping applications. 

Capital cost and efficiency trends 

In general, two trends have dominated grid-connected wind turbine 
development: 

the average size of turbines sold on the market has increased 
substantially; 
the efficiency of production has increased steadily. 

Figure 4.1 shows the average size of wind turbines sold in the 
Danish export market each year. 2  As illustrated in Figure 4.1 (left 

Figure 4.1 Development of average wind turbine size sold in the market 
(left axis), and efficiency, measured as kwh produced per m 2  of swept rotor 
area (right axis). 
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axis), the average size has increased significantly, from roughly 
50kW in 1985 to 600 kW in 1997. In late 1997, the best-selling 
turbine had a rated capacity of 600 kW, but turbines with capacities 
as high as 1500 kW had already entered the market. 

The development of electricity production efficiency is also 
shown in Figure 4.1, measured as annual energy production per 
swept rotor area (kWh/rn 2  on the right axis). 4  Measured in this way, 
efficiency has increased by almost 3 per cent annually over the last 
15 years. This improvement in efficiency is due to a combination of 
improved equipment efficiency, improved turbine siting and higher 
huh height. 

Capital costs of wind energy projects are dominated by the cost of 
the wind turbine itself (cx works). 4  Table 4.1 shows a typical cost 
structure for a 600 kW turbine in Denmark. The turbine's share of 
total cost is approximately 80 per cent, while grid connection 
accounts for approximately 9 per cent and foundation for approxi-
mately 4 per cent. Other cost components, such as control systems 
and land, account for only minor shares of total costs. 

Figure 4.2 shows changes in capital costs over the years. The data 
reflect turbines installed in the particular year shown. All costs are 
per kW of rated capacity and have been converted to 1997 prices. As 
shown in the figure, there has been a substantial decline in per-kW 
costs. From 1989 to 1996, turbine costs per kW decreased in real 
terms by approximately 4 per cent per annum. At the same time, 

Table 4.1 Cost structure for a 600 kW wind turbine (1997 US$) 

Investment (US$1000) 	Share (%) 

Turbine (cx works) 483 80 
Foundation 23 4 
Electric installation 9 2 
Grid connection 53 9 
Control systems 2 - 

Consultancy 6 1 
Land 10 2 
Financial costs 8 1 
Road 7 
Total 601 100 

Note: Based on Danish figures for a 600 kW turbine, using average 1997 exchange rate 
lOSS = 6.608 ONK. 
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Figure 4.2 Wind turbine capital costs cx worlsl and other costs (LJS$/kW in 
constant 1997 $); investment costs divided by efficiency (index 1990 1.0) 
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the share of auxiliary costs as a percentage of total costs has also 
decreased. In 1989 almost 29 per cent of total investment costs Were 
related to costs other than the turbine itself. By 1996 this share had 
declined to approximately 20 per cent. Thus, overall investment 
costs per kW have declined by more than 5 per cent per year during 
the analysed period. 

Reductions in capital costs are expected to Continue for the fore-
seeable future. hPRI (1997), for instance predicts that capital costs 
per swept area (S/rn 2 ) should decline by 23 per cent between 1997 
and 2000, and by a further 10 per cent between 2000 and 2005. 

Combining the efficiency improvement shown in Figure 4.1 and 
the decline in investment costs per kW shown on the left axis of 
Figure 4.2, one can calculate the ratio of total investment to annual 
production efficiency ($/kW divided by kWh/rn 2), shown on the 
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right axis of Figure 4.2. This ratio provides a rough indication of 
total investment costs divided by annual electricity production, 
assuming a close relationship between turbine capacity and swept 
rotor area. This ratio has improved by more than 45 per cent 
between 1989 and 1996, or more than 8 per cent per annum in real 
terms. This improvement reflects not only declining turbine costs 
and improved efficiency, but improved turbine siting as well' 

Wind-energy project capital costs, as reported by the International 
Energy Agency (lEA, 1997a), show substantial variation between 
countries, owing to factors such as market structures, Site character-
istics and planning regulations. According to the lEA, total wind 
project capital costs vary between approximately US$900/kW and 
US$1 500/kW in different countries. Caution should therefore be 
exercised in making cross-country cost comparisons, particularly as 
currency exchange rates also significantly impact on apparent costs 
in any given country. 

Operation and maintenance costs 

Operation and maintenance (O&M) costs constitute a sizeable share 
of the total annual costs of a wind turbine. For a new turbine, O&M 
costs might have a share of approximately 10-15 per cent of total 
levelised cost per kWh produced, increasing to at least 20-30 per 
cent by the end of the turbine's lifetime. O&M costs are related to a 
limited number of cost components: 

• 	insurance; 
• 	regular maintenance; 
• 	repair; 
• 	spare parts; 
• 	administration. 

Some of these cost components can be estimated with relative ease. 
For insurance and regular maintenance, it is possible to obtain stan-
dard contracts covering a considerable portion of the wind turbine's 
total lifetime. On the other hand, costs for repair and related spare 
parts are much more difficult to predict. Although all cost cornpo-
nerits tend to increase with the age of the turbine, costs for repair 
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and spare parts are particularly influenced by turbine age, starting 
low and increasing over time. 

Owing to the newness of the wind energy industry, only a limited 
number of turbines have existed for the full expected lifetime of 20 
years. For this reason, estimates of O&M costs are highly uncertain, 
especially around the end of turbines' lifetimes. 

A small study of existing wind turbines in Denmark was con-
ducted in an attempt to determine reasonable estimates for the 
development of O&M costs. For a number of different turbine sizes, 
average annual O&M Costs were calculated for the existing turbine 
stock, registered in the Danish wind turbine statistics (P. Nielsen, 
1997). The analysis was carried out for three successive years, 1994 
to 1996. The key parameter analysed was the annual cost of O&M as 
a percentage of total investment costs (turbine capital cost plus 
installation, grid connection and control systems); and this parame-
ter was compared to the age of the turbines to estimate the develop-
ment of O&M costs over time. 

Relevant O&M costs were defined to include reinvestments (for 
example, replacement of turbine blades or gears), if any. Owing to 
the industry's evolution towards larger turbines, O&M cost data for 
old turbines exist only for relatively small units, while data for the 
younger turbines are concentrated on larger units. The results are 
shown in Table 4.2. 

Table 4.2 Turbine age and development of O&M costs as percentage of 
investment costs (including costs of turbine, installation, grid connecbon, 
and control systems) 

Turbine size 	5anpie size 	ileerage age oJ 	Annual O&M cost 
(Varies over three 	tur/ines (years) 	(7.s percentage o(tota/ 
sample years) 	 investnwn t co.s ts (%) 

55kW 48-57 10.7-12.3 3.1-4.5 
75kW 16-23 8.9-11.0 2.6-3.2 
95 kW 32-50 7.6-9.7 2.7-4.5 
150kW 69-99 4.5-6.4 2.1-2.3 
225 kW 22-25 3.3-4.2 1.8-1.9 
300kW 5-14 2.5-3.9 0,9-1.6 
500kW 2-34 1.5-3.5 1.0-1.9 

Source; P. Nielsen (1997). 
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In principle the same sample of turbines should have been lot-
towed throughout the three successive sample years. However, due 
to the entrance of new turbines, scrapping of older turbines and 
general uncertainty of the statistics, the turbine sample is not con-
stant over the three years, particularly for the larger turbines. 

Care must be taken in interpreting the Table 4.2 results because 
the higher O&M costs of the smaller turbines may be attributed to 
several factors. First, as stated earlier, O&M costs increase with age, 
and the smallest turbines are also the oldest turbines. Secondly, the 
past decade has witnessed significant improvements in turbine 
quality, meaning that the younger (larger) turbines are better con-
structed and expected to have lower lifetime O&M requirements 
than the older smaller turbines. Thirdly, just as wind turbines 
exhibit economies of scale in terms of declining investment costs 
per kW with increasing turbine capacity, similar economies of scale 
may exist for O&M costs. In other words, as turbine capacity 
increases, O&M costs as a percentage of investment costs may natu-
rally decrease. 

For all of these reasons, one can expect that the O&M cost per-
centage for a 10-12-year-old 500 kW turbine will not rise to the 
same level as seen today for a 55 kW turbine of the same age. Most 
likely, the O&M cost percentage for the 55 kW turbine constitutes 
an upper limit to the O&M cost as a percentage of investment costs. 

Figure 43 plots the above realised annual O&M costs along with 
estimated Q&M cost trends over time for three sizes of turbines: 
150kw, 300 kW and 600 kW. The development of O&M costs 
appears, to a certain extent, to be determined by the age of the tur-
bines. In the first few years the warranty of the turbine implies a low 
level of O&M expenses for the owner. After the tenth year, larger 
repairs and reinvestments begin to appear, and these in fact are the 
dominant O&M costs during the last ten years of turbine life. The 
estimated O&M curves in Figure 4.3 appear to be well in line with 
the actual O&M data points, though it must be kept in mind that 
the cost figures are not based on any single turbine unit, but on 
several turbines of different ages. 

Table 4.3 summarises the results of Figure 4.3, with estimated 
O&M costs as a percentage of investment cost, by age and turbine 
size. Analyses in the remainder of this chapter assume the O&M 
costs shown in Table 4.3. 
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Figure 4.3 Estimated and realised Oir.M costs over time as a percentage of 
investment costs, for different turbine sizes 

a) 
E 
C) 

0 

150 kW 
300kW 

-600 kW 
• Realised 55 kW 
o Realised 75 kW 
• Realised 95 kW 
o Realised 150 kW 
A Realised 225 kW 
o Realised 300 kW 
• Realised 500 kW 

Age of turbine 
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Table 43 Annual U&M costs as a percentage of investment cost, by age 
and siLe of turbine 

Year 

Turbine size 1-2 3-5 6-10 11-iS 16-20 

150kW 1.2% 2,8% 3.3% 6,1% 7.0% 
300 kW 1.0% 2.2% 2.6% 4.0% 5.01 !/o 

600 kW 1.0% 1.9 1% 2.2%' 3.5"/o 4.5% 

Overall cost-effectiveness 

The total cost per produced kWh (unit cost) is calculated by dis-
counting and levelising investment and O&M costs over the lifetime 
of the turbine, divided by the annual electricity production. The 
unit cost of generation is thus calculated as an average cost over the 
turbine's lifetime. In reality, actual costs will be lower than the cal- 
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culated average at the beginning of the turbine's life, due to low 
()&M costs, and will increase over the period of turbine use. 

Figure 4.4 shows the calculated unit cost for different sizes of tur-
bines, based on the above-mentioned investment and O&M costs, a 
20-year lifetime, and a real discount rate of 5 per cent per annum. 
The turbines' electricity production is estimated for roughness 
classes one and two, corresponding to an average wind speed of 
approximately 6.9 rn/s and 6.3 m/s, respectively, at a height of 
50 metres above greJund level. 

Figure 4.4 Total wind energy costs per urut of electricity produced, by 
turbine size, based on hub height of 50 metres (US cents/kWh, constant 
1997 prices) 
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Figure 4.4 illustrates the trend towards larger turbines and greater 
cost-effectiveness. For a roughness class one site (6.9 millS),  for 
example, the average cost in 1997 US dollars has decreased from 
over 7.8 cents/kWh for the 95 kW turbine to under 4.5 cents/kWh 
for a new 600 kW machine, an improvement of almost 45 per cent 
over a time-span of 9-10 years. 

The discount rate has a significant influence on electricity 
production costs and hence on wind projects' financial viability. For 
a 600 kW turbine, changing the discount rate from 5 to 10 per cent 
per year (in real terms) increases the production cost by a little more 
than 30 per cent. Issues surrounding selection of an appropriate dis-
count rate are complex and can differ between economic analysis 
and financial analysis. Discount-rate issues are discussed in detail in 
Chapter 5. 
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Offshore wind turbines 

Virtually 100 per cent of existing wind turbines are installed on 
land. However, locating wind turbines at sea offers several advan-
tages (as well as disadvantages); and off shore turbines are beginning 
to play an increasingly important role in wind power development. 
Without doubt the main reason for the migration off-shore is that 
on-land sites are limited and that utilisation of these sites can 
engender opposition from the local population, as discussed in 
detail in Chapter 6. Land scarcity and local opposition are particu-
larly important issues in north-western Europe, where planned 
intensive wind power development must coexist with high popula-
tion density. As of early 1999, three offshore wind farms are in 
existence: 

• The Netherlands recently established an offshore wind farm 
consisting of 19 turbines, each with a capacity of 600 kW, pro-
viding a total capacity of 11.4 MW. 

• Denmark possesses two offshore wind farms, each with a total 
capacity of approximately 5 MW. 

The latest Danish energy plan calls for more than 4000 MW of 
installed offshore wind turbine capacity in Denmark before the year 
2030. In a recent study, the Danish utilities and the Danish Energy 
Agency evaluated the economic outlook for offshore wind turbines 
in Danish waters. The study concludes that, for offshore wind farms 
developed in the year 2000 with 1.5-2 MW turbines, it will be 
possible to achieve an electricity production cost of approximately 
5.4 to 5.9 US cents per kWh (Danish Energy Agency, 1997). This is 
not far above the production costs encountered on land under 
average wind conditions. 

The Tunø Knob wind farm in Denmark is typical of existing off-
shore wind farms and provides an illustration of the economics of 
offshore wind turbines. The farm consists of 10 turbines, each with 
a rated capacity of 500 kW, resulting in a total capacity of 5 MW. It 
is located 6 kilometres from the coast, at a sea depth ranging 
betwee.n 3.1 and 4.7 metres. Each turbine is mounted on its own 
separate concrete foundation, placed on the sea bottom. The 
turbines are connected to the high-voltage grid onshore through an 
underwater transmission cable. The wind farm is operated from a 
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combined heat and power (CHP) plant located nearby, and no staff 
are required at the wind turbine site. Existing staff for the CHP plant 
perform all operating and monitoring tasks for the wind plant. 
Table 4.4 summarises the Tuno Knob wind farm's investment costs. 

Compared to land-based turbines, the main differences in cost 
structure are related to three issues: 

• Foundation. Foundations are considerably more costly for off -
shore turbines. The costs are related to sea depth and the 
selected construction principle. For a conventional turbine 
located on land, the foundation typically comprises approx-
imately 4-5 per cent of total costs. In contrast, the foundation-
cost share is 23 per cent for the offshore farm in Table 4.4, and 
thus considerably more expensive than for on-land sites. 
However, it must be mentioned that the foundations for this 
farm were developed as a pilot project and were therefore not 
optimised. 

• Sea transmission cables. Connections between the turbines and 
the coast create additional costs compared to on-land sitings. 
For the wind farm considered in Table 4.4, the cost share for sea 
transmission cables is approximately 18 per cent. 

[able 4.4 Investment costs of an existing Danish offshore wind farm 
(1997 pri(:es) 

Capital cost 	Share of capital Cost 
million US$ 

Turbine (cx works) 	 4.8 	 40 
'transmission cable (sea) 

tocoast 	 1.5 	 13 
between turbines 	 0,6 	 5 

Transmission cable (land) 	0.4 	 3 
Electricity systems 	 0.5 	 4 
Foundations 	 2.8 	 23 
Operating and control systems 	0.2 	 2 
Environmental analysis 	 1.2 	 10 
Total 	 12.0 	100 

Note: Figures from the Tuno Knob wind farm, using average 1997 exchange rate: 
US$1 = 6.608 DKK 
Source: ten hanrr et al. (1998). 
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• 	Environmental analysis .A number of detailed scientific and 
technical investigations were carried out in relation to the Tuno 
Knob offshore wind project. These included investigation of the 
sea-bed (especially concerning debris left behind from military 
activities), a study to clarify the impact of the wind farms on 
bird life and, finally, a project to study the visual impact of the 
wind farm. The cost share for environmental analysis at the 
wind farm in Table 4.4 is 10 per cent, but a portion of these 
costs is related to the pilot character of this project and will 
probably not be repeated for future offshore wind farms. 

Total electricity production from the Tuno Knob wind farm 
has been higher than originally expected. A net production of 
15 200 MWh was generated during the first year of operation, equi-
valent to operation at full capacity for 3040 hours, or a capacity 
factor of 35 per cent. Using this production level, the investment 
costs outlined in Table 4.4, a real discount rate of 5 per cent, and a 
lifetime of 20 years, 5  total unit production costs amount to approx-
imately 8 US cents per kwh. This estimate of production costs is 
subject to some uncertainty, however, due to the limited number of 
operating hours to-date. Again, these costs represent a pilot project; 
costs for future projects are expected to be significantly lower. 

A number of projects have recently been undertaken in relation to 
minirnising the cost of foundations for offshore turbines. According 
to Elsainprojekt (1997) the most important findings have been 
twofold. First, independent of the type of foundation, moving 
towards larger turbines will entail considerable foundation-cost 
advantages. Secondly, though the cost of foundations increases with 
water depth, this increase is less than proportional. Depending on 
the type of construction and the particular location, more than 
doubling the sea depth from 5 metres to 11 metres increases the 
foundation cost by only between 12 and 34 per cent. 

As mentioned above, the sea transmission cable represents 
another important component of total costs. The closer the wind 
farm is located to the coast, and the higher the energy production 
from the wind farm, the lower will he the cost of the sea transmis-
sion cable per unit of electricity produced. Therefore, increasing the 
size of the wind farm will (all other things being equal) reduce 
the per-kWh cost of the transmission cable, except that larger 
wind farms must generally he located farther from land, thus re- 
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increasing the per-kWh cable cost. The interaction of these two para-
meters and their impact on electricity production costs is illustrated 
in Figure 4.5. The figure presents an analysis of three wind farm sizes: 
a small farm of 7.5 MW (comparable to Tuno Knob), a medium size 
of approximately 30 MW, and a large farm of 100-200 MW. All wind 
farms are assumed to be equipped with 1.5 MW turbines. 

Distance to the coast has a substantial impact on the cost of small 
wind farms .As shown in Figure 4.5, the production cost from a 
7.5 MW wind farm increases from 4.8 to 6.7 US cents per kwh when 
the distance to the coast increases from 5 to 30 kilometres. 
Increasing the capacity of the wind farm not only significantly 
lowers the cost per unit of electricity produced, but also reduces the 
impact of distance from land. The electricity production cost for a 
200 MW wind farm only increases from 4.0 to 4.3 US cents per kWh 
when the distance to the coast increases from 5 to 30 kilometres 
(Fenhanhl et al., 1998). 

Comparison with the cost of conventional power 

The cost of conventional electricity production is determined by 
three components: 

Figure 4.5 Cost of olishore electricity production as a rLmnction of distance 
to land and capacity of the wind farm 
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fuel cost; 
operation and maintenance (O&M) costs; 
capital cost. 

When conventional power is substituted by wind-generated dcc-
tricity, the avoided cost depends on the degree to which wind 
power substitutes each of the three components. It is generally 
accepted that implementing wind power avoids the full fuel cost 
and a considerable portion of O&M costs of the displaced conven-
tional power plant. The level of avoided capital costs depends on 
the extent to which wind power capacity can displace investments 
in new conventional power plants and is thus directly tied to wind 
plants' capacity credit. 

The capacity credit will depend on a number of different factors, 
among these the level of penetration of wind power and how the 
wind capacity is integrated into the overall energy system. In 
general, for marginal levels of wind penetration, the capacity credit 
for wind turbines is close to the annual average capacity factor. 
Thus, 25 per cent is considered to be a reasonable capacity credit for 
wind power when the volume of wind-generated electricity is less 
than 10 per cent of total electricity production. 9  This capacity credit 
declines as the proportion of wind power in the system increases; 
but even at high penetrations a sizeable capacity credit is still 
achievable, as discussed in Chapter 3. 

OECD/IEA (1998) has protected the costs of electricity generation 
with state-of-the-art nuclear, coal-fired and gas-fired base load power 
plants, given the following common assumptions: 

• 	plants are commercially available for commissioning by the 
year 2005; 

• 	costs are levelised using a 5 per cent real discount rate and a 
40-year lifctime;° 

• 	75 per cent load factor; 
• 	calculations are done in constant 1996 IJS$. 

The OECD/IEA calculations were based on data made available by 
OECD member countries. Costs related to electricity production 
pollution control, waste management and other environmental 
protection measures were included in the calculated generation 
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costs, while general costs such as central overheads, transmission 
and distribution costs were excluded. Losses in transmission and 
distribution grids were also not taken into account. Fuel price 
developments were projected in accordance with national 
assumons. 

Figures 4.6, 4.7 and 4.8 illustrate the costs of conventional 
electricity generation which can he avoided through wind energy, 
based on varying assumptions of wind energys capacity credit. The 
figures are based on the above cost data from OECD/IFi\ (1998) for a 
selected number of countries and power technologies. The costs for 
the conventional technologies are stated in 1996 US dollars. 

Figure 4.6 shows only those costs of conventional power which 
are avoidable through wind electricity, assuming that all 
conventional fuel and O&M costs are avoided but that wind power 
is assigned a very conservative capacity credit of 0 per cent. 
For example, in Spain, for each kWh of electricity generated by 
wind pr which displaces a kWh of gas power, approximately 
4.1 US cents/kWh are avoided in gas fuel and O&M costs, even if 

figure 4.6 Projected avoided costs of conventional power compared with 
costs for wind-generated electricity (1996 US c/kWh), assuming iero capacity 
credit for wind power 
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Figure 4.7 Projected avoided costs of conventional power compared with 
costs for wind-generated electricity (1996 US c/kWh), assuming 25 per cent 
capacity credit for wind power 

9 
8 
7 600 kW wind turbine 
6 Average Danish site 

Average UK site  
• Nuclear 

--Coal 
3 	

Fi oGas 

CO 

.Souice -. a i•. :1 I/i tA 1 998 

Figure 4.8 1rojected avoided costs of consentional po'cr compared will-i 
costs for wind-generated electricity (1996 US c/kWh), assuming 100 per cent 
capacity credit for wind power 
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the wind plant receives no credit for displacing any gas-plant capital 
costs. Therefore, if a wind turbine could he installed in Spain at the 
average cost of 4 US cents/kWh, this would be approximately 
equivalcnt to the avoided fuel and O&M costs of a new gas-fired 
power plant in Spain. For comparative purposes, the estimated total 
costs (including capital costs) for a 600 kW on-land turbine at 
average sites in Denmark and the UK are also shown (4.5 US cents 
and 3.9 US cents per kWh, respectively). Even under the highly 
conservative assumption of no capacity credit for wind energy, the 
600 kW turbine is either already competitive or approaching 
competitiveness in terms of direct costs in a number of countries, 
compared to technologies based on coal and gas. 

Assuming a more realistic capacity credit for wind of 25 per cent 
would raise the avoided costs of conventional technologies and thus 
improve wind's competitiveness. Because both nuclear and coal-
based power costs are dominated by capital costs, assumptions 
about wind's capacity credit are particularly significant. The 25 per 
cent capacity credit assumption is illustrated in Figure 4.7. 

Figure 4.8 shows the situation if one were to compare the total 
costs of each generating source without regard to dispatchability 
and capacity credit (that is, assuming a wind capacity credit of 100 
per cent). The avoided costs of nuclear, coal and gas would then 
increase considerably, and wind would be fLilly competitive against 
conventional generating sources in many countries. The above 
analysis highlights the importance of capacity reliability and dis-
patchability. However, this importance may change in the future as 
electricity markets move away from centralised generation planning 
and towards increased competition. Much of wind energy's future 
competitiveness will be dependent on short-term wind predict-
ability and the specific conditions which develop for bidding into 
short-term forward and spot markets.Tliese considerations are dis-
cussed in detail in Chapter 5. 

Further evidence of wind energy's improving competitiveness 
against conventional technologies can he seen in the 1998 results of 
the integrated resource-planning process of the utility Northern 
States Power (NSP) in the US state of Minnesota. The utility's 
assertion that gas-fired combined-cycle generation is the least-cost 
generation resource, was challenged by the public-interest group 
lzaak Walton League of America (IWLA). IWI.A alleged that NSF 
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used assumptions that were unduly pessimistic for wind power and 
overly optimistic for gas power, particularly regarding projected 
future natural gas prices. IWLA c]aimcd that, using more realistic 
assumptions, wind energy is 32 per cent cheaper than combined-
cycle gas if the wind production tax credit (see Chapter 7) is 
extended, and that wind is 7 per cent cheaper than gas even in the 
absence of the production tax credit (IWLA, 1999). 

The Minnesota L)epartment of Public Service (DPS) concurred 
with much of IWIA's analysis, though DPS considered wind 
energy's cost advantage over gas combined-cycle power to he 
dependent on extension of the wind production tax credit. Based on 
the DPS findings, in January 1999 the Minnesota Public Utilities 
Commission ordered NSP to proceed with 400 MW of wind power 
development, concluding that it was 'in the public interest under 
least-cost planning' see ME3, 1998a, 1998h and 1999. 

The Minnesota case is the first time that wind energy has been 
declared the least-cost resource in a major US proceeding. It pro-
vides some of the strongest evidence yet of wind energy's emerging 
economic viability as a mainstream energy source in areas of high 
wind availability. The case also highlights the sensitivity of gas 
technologies' cost-effectiveness to future natural gas prices. The low 
gas prices which have prevailed over the past decade have played a 
ma or role in inaki ng natural gas the new fuel of choice for 
electricity generation; but there is no assurance that such low prices 
will continue in the future. 

Finally, it should be mentioned that the technology costs of coal, 
gas and nuclear generation shown in Figures 4.6, 4.7, and 4.8, as well 
as in the Minnesota proceeding, do include the costs of those pollu-
tion-control technologies required by national laws, but they do not 
include the costs of damages incurred by society for the pollution 
which continues to be emitted in spite of the control measures. In 
other words, the environmental benefits of wind energy, such as 
reduced human health impacts, acidification and global warming, are 
not captured in Figures 46, 4.7, and 4.8. Ihese environmental consid-
erations are discussed in detail in Chapter 6, which suggests that the 
environmental damages of fossil-fuel power plants may be worth 
several US cents per kWh. Including the societal benefits of reduced 
environmental damage in the economic calculations above would 
make wind energy competitive against both gas and coal-based power. 
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Economics of hybrid and stand-alone wind energy systems 

Extending electricity transmission and distribution grids into previ-
ously unserved areas is highly costly. CAI)DET (1 998a) suggests dis-
tribution-line extension costs of approximately US$ 13 000 per mile 
in New Zealand, while Gipe (1993) cites utility charges of over 
US$30 000 per mile in France and US$50 000-60 000 per mile in 
California for line extensions. 1 -ligher voltage transmission-line 
extensions cost significantly more, often on the order of several 
hundred thousand US dollars per mile. 

With such high line-extension costs, stand-alone wind energy 
systems or hybrid systems using wind and diesel and/or 
pliotovoltaics may in many cases be more cost-effective than 
extending the utility grid. However, small-scale wind energy appli-
cations are also expensive. While a large grid-connected turbine 
may have a capital cost of approximately US$1000 per kW (see 
Figure 4.2), small turbines in the 0.3-50 kW range may have capital 
costs of US$2 500-5 000 per kW (Bergey, 1998). 

Nevertheless, the potential market for off-grid wind energy is very 
large, with more than two billion people lacking access to electricity 
around the world. Most but not all of them live in rural areas of devel-
oping countries. A sizeable number of people live in remote areas not 
served by the utility grid in developed countries as well, however. In 
northern California, for example, the number of stand-alone power 
systems grew by 29 per cent per year in the early 1 990s (Gipe, 1993). 

Stand-alone and hybrid systems can be cost-effective for two 
general situations: (1) when the utility grid is far away and not 
expected to be extended soon; and (2) when the utility grid is close 
by, but the low density and/or low electricity demand of consumers 
makes serving individual Customers expensive. 1-igure 49 illustrates 
this for village electrification with solar photovoltaics (PV) in 
Indonesia (World Bank, 1996). In tli is particular case of a 3 kin grid 
extension, when the density of households is high, it is generally 
cheaper to extend the grid if serving more than 40 or 50 house-
holds. If the density is less than 5 or 6 kW per square metre, 
however, then solar PV is generally cheaper than grid extension, 
even for serving several hundred customers. The situation for wind 
energy is expected to he broadly similar, depending on specific wind 
and sun conditions. 
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Figure 4.9 Cost-eftecUveness of solar lV homes vs. 3 km redium-voftage 
grid extension in Indonesia tsolar CV is chea1.er within shaded area) 
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In the absence of grid-based electricity, options for electricity 
provision include wind, lV, micro-hydro C  diesel or gasoline gen-sets C  
and hybrid combinations of these. Gencralisations of the cost-
effectiveness of each option are diftcult due to high site-specificity. 
In addition to specific wind and solar radiation conditions, cost-
effectiveness is also dependent on battery price and quality, price 
and transportation distance for gasoline or diesel fuel, and the 
avai]ability of spare parts and trained maintenance personnel. 

Table 4.5 highlights the results of a comparative study of stand-
alone power generation options for rural households in the Inner 
Mongolia Autonomous Region of China (Byrne Ct al., 1998). The 
study was conducted in four counties within Inner Mongolia, 
representing a variety of wind and solar radiation conditions. The 
study compared the cost-effectiveness of wind, PV, hybrid wind/PV, 
and gasoline gen-sets. All options included battery storage to allow 
electricity use throughout the day, though the gasoline gen-set was 
also analysed for non-continuous duty, without battery storage. 12  
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The results in Table 4.5 indicate that the gasoline gen-sets have 
the lowest capital costs, followed by wind and hybrid wind/PV. 
Stand-alone 1 3 V systems have the highest capital costs. On a 
levelised S/kWh cost basis, however, the gasoline gen-sets have the 
highest costs even higher than the stand-alone PV systems. This is 
due to the high price of gasoline and lubricant delivered to remote 
communities, as well as the gen-sets' relatively high maintenance 
costs. Based on the manufacturer's quoted battery lifetime, the 
stand-alone wind systems have the lowest levelised costs, followed 
by hybrid wind/PV systems. 

In actual field tests, however, Byrne et al. found that battery life-
times were considerably shorter than claimed by the manufacturer, 
particularly for stand-alone wind systems. This in part reflects the 
need for improved user training for battery systems. Using field-
verified battery lifetimes, the lcvclised cost for stand-alone wind 
systems increases to above that for large hybrid wind/PV systems; 
hut, nevertheless, stand-alone wind and hybrid wind systems are the 
most cost-effective energy sources on a levelised basis, while gaso-
line gen-sets are the most expensive. In a separate analysis of rural 
China, Li 1996) suggests that hybrid wind/diesel systems are 

approximately 25 per cent cheaper per kWh than conventional 
diesel generation systems. 

Great care must be taken in generalising the results in Table 4.5 
to other regions of the world. The conditions in rural Inner 
Mongolia are particularly conducive to stand-alone generation with 
renewable energy, having very low population density, low per-
capita electricity consumption, favourable wind and solar radiation 
conditions, local manufacture of wind turbines and PV arrays, and 
high cost of gasoline transportation. Nevertheless, Table 4.5 does 
indicate that, under favourable circLmmstances, stand-alone and 
hybrid wind energy systems can be highly cost-effective for rural 
electrification. 

The off-grid applications of wind turbines include not only the 
very small (for example, < I LW) installations described above, but 
also larger turbi ties of up to more than 100 kW to power remote 
hybrid 'micro-grids' for rural communities, usually in combination 
with a diesel generator. Examples of such installations include it 

55 kW wind turbine with a 52 LW diesel generator and short-term 
battery storage bank on a small Norwegian island (CADDET, 1997), 
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10 kW wind turbines with diesel and battery backup in northern 
Russia (CADDET, 1998h), and a 75 kW wind turbine with 50 kW 1, 
PV system, 60 kVA diesel engine generator, and battery storage in 
the Netherlands (CAI)l)ET, 1998c). Economic analysis of wind 
energy's micro-grid applications requires comparison with not only 
central grid extension but also with micro-grids based solely on 
diesel gen-sets. Such economic data are not readily available, and 
most existing installations have been implemented as one-time 
demonstration projects whose costs are not indicative of more wide-
spread applications. The economically cost-effective market for 
wind energy in remote micro-grids is expected to he large, but 
signi6cant further analysis is required. 

Economics of small-scale irrigation pumping 

Earge-scale electric applications have accounted for the most 
notable advances in wind energy and are the focus of this report. 
Nevertheless, the most common type of wind energy application, in 
terms of number of installed uriit, remains the small-scale 
mechanical wind pump for irrigation-water pumping. Such wind 
pumps are widely used in both developed and developing countries 
and can be particularly attractive when electric grid access is not 
readily available. 

Bhatia and Swaminathan provide analyses of the economics of 
wind pumps for irrigation in four developing countries: Sri lanka, 
Kenya, Cape Verde and Sudan (quoted in Bhatia and Pereira, 1988). 
Wind pumps are compared to kerosene puinpsets, diesel pumpsets, 
solar PV systems, or solar rankine pump systems in the various 
countries. Wind pumps were found to be far more cost-effective 
than solar systems, and in most cases they were also cheaper than 
kerosene and diesel pumpsets. For example, in Cape Verde, wind 
pumps cost between 0.080 and 0.094 US$/m of water (1980 prices), 
while diesel pumpsets cost 0.082 and 0.153 US$/m 1 , solar PV 
systems cost 0.49-1.73 US$/iii, and solar rankine systems cost 
0.90-3.28 USS/rn.' Financial cost-effectiveness is signibcantly 
influenced by subsidies which are often available on kerosene or 
diesel; and the high capital cost of wind systems compared to 
kerosene or diesel sets also makes wind pumps' financial perfor-
mance sensitive to prevailing interest rates. 
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CADDFT (1998a) calculates the cost of water pumping with wind 
turbines at one site in New Zealand to be 0.37 USS/m (based on the 
January 1999 exchange rate of 0.55 US$ per NZ$) at an average wind 
speed of 4.8 metres per second, which is considerably more expen-
sive than the above estimates for Cape Verde, even accounting for 
inflation. Nevertheless, CADDEl's analysis indicates that wind 
pumping is cheaper than electric pumping if the pumping site is 
more than 100 metres from the nearest electrical connection. 

Gipe (1993) provides estimates of water pumping costs using both 
wind mechanical and wind electric systems, and using both 3 metre 
and 7 metre turbines. Assuming an average wind speed of 5 metres per 
second, Gipe's Cost estimates range between 0. 11 and 0.26 US$/m for 
a wind electric system, and between 0.16 and 0.45 US$/m for a wind 
mechanical system. These figures are roughly in line with both the 
Cape Verde and New Zealand results. Gipe calculates that even at low-
wind sites, wind electric systems can deliver water more cheaply than 
diesel generators, PVs or mechanical wind pumps. 



5 
Finance, Competition and Power 
Markets 

The previous chapter described the changing economics of wind 
energy and the rapid improvement in wind energy's economic via-
bility during the Last decade. In spite of this, however, wind energy 
projects often continue to face obstacles obtaining finance for actual 
construction. This chapter therefore examines issues of finance by 
first outlining the differences between economic and financial via-
bility and then describing some of the most important considera-
tions when financing wind projects, such as cost of capital, capital 
structure, risk, debt-service coverage ratio, and others. The chapter 
then goes on to describe special considerations for financing projects 
in developing countries, lastly, the chapter examines the increas-
ingly competitive nature of power markets and how the advent of 
competition may affect the outlook for wind power development. 

Economic vs financial viability 

It is important to clarify the differences between economic and 
financial viability. More specifically, we must understand why wind 
projects continue to face financing difficulties in spite of their 
improved economic viability. Three primary differences commonly 
distinguish financial analysis from economic analysis (see layard 
and Glaister, 1996): 

• consideration of investor welfare vs. societal welfare; 
• consideration of private costs vs. public costs and the handling of 

transfer payments such as taxes and subsidies; 

97 
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• differences in the discount rate used to value capital flows. 

These differences can mean that a project which is economically 
viable from a societal perspective may not he financially viable from 
an investor's perspective, or vice versa. Each of these three differ-
ences is described further below. 

Investor welfare vs. societal welfare 
Financial analysis examines a projects costs and benefits purely in 
terms of those impacts which directly affect the project investors' 
welfare. Thus, private investments are typically made with the goal 
of maximising the net present value of private financial flows or 
maximising investors' convenience, leisure and so on. Economic 
analysis typically takes a broader societal perspective, in which case 
significantly different conclusions may he reached. 

For example, whether an individual buys an automobile or takes 
the public train will be decided based on the two modes' relative 
costs and convenience. The ever-increasing use of private autonlo-
biles suggests that, from a private perspective, the automobile offers 
a sound financial investment compared to public rail transit. 
however, road transport may impose greater negative societal 
impacts than rail in terms of increased pollution, accidents, urban 
sprawl and destruction of natural landscapes, national balance of 
payment deficits from increased dependence on imported oil, and 
so on. The concentrated private benefits of automobiles may thus be 
achieved at a significant but diffuse public cost. Such costs and 
benefits which accrue to society at large rather than to project 
investors, are known in the economic literature as 'externalities' and 
should be included in a complete economic analysis. When societies 
build capital-intensive public transit systems in spite of their appar-
ent lack of financial viability, it is generally through either implicit 
or explicit recognition of these additional societal benefits which 
they provide. 

In practice, however, externalities are often either analysed sepa-
rately or even, unfortunately, ignored during economic analysis 
because of difficulties in their quantification. In fact, the previous 
chapter's discussion on wind energy economics did not include an 
analysis of externalities. As such, Chapter 4's economic analysis is 
incomplete and includes only those costs for which established 
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prices exist. If wind energy's added benefits of reduced pollution 
were included, wind energy would he even more economically 
viable than shown in Chapter 4. It is precisely this recognition of 
unquantified environmental benefits which has prompted many 
societies to invest in wind energy to date even when straight econ-
omic analysis has not supported the investment. Though Chapter 4 
has concentrated solely on actually quantified economic inputs, 
consideration of environmental externalities is taken up separately 
in Chapter 6. 

Private costs vs. public costs 
The difference between private and public costs is manifested in 
several forms. These include: 

• externalities; 
• market prices vs. shadow prices; 
• transfer payments including taxes and subsidies; 
• cash flow constraints and access to capital. 

The issue of externalities is related to the issue of investor VS. Soci-
etal welfare discussed above. If the value of externalities such as pol-
lution were reflected in market prices, then private financial costs 
would more accurately reflect public economic costs, and those 

nanciaI decisions which maximise investor welfare would be more 
likely to maximise societal welfare as well, As things currently stand, 
the lack of consideration of externalities may mean that an energy 
project with the lowest private costs may not have the lowest public 
costs, resulting in suhoptimal development for society. 

The second difference between public and private costs is the dis-
crepancy between market prices and shadow prices. Financial 
investment decisions are based on market prices; but economic 
analysis is correctly done using the economic concept of shadow 
prices, defined as the 'accounting price that reflects an estimate of 
the opportunity cost of providing or eliminating an additional unit 
of the good' (Zerbe and Dively, 1994). In a perfectly functioning 
market, market prices would in fact rctlect opportunity costs, and 
there would thus he no difference between market and shadow 
prices. In well-developed economies, it may be generally acceptable 
to assume equivalence between market and shadow prices, but this 



1(X) Wjpcj Energy in die 2 J' Century 

is not always the case. Developing economies often contain greater 
economic distortions, including price controls, import restrictions 
and so on, in which case market and shadow prices may diverge 
substantially. For example, if importation of certain equipment is 
restricted in a country, then the financial price paid for the equip-
ment within the country would he higher than the shadow price 
available in world markets. Thus, if a wind turbine is imported and 
therefore subject to import controls, its market or financial price 
would be higher than its shadow or economic cost. Or in labour 
markets containing high structural unemployment, if a project hires 
workers who were previously unemployed, then the appropriate 
financial cost of this labour would be the market wage; but the 
appropriate economic cost (shadow price) would he the labour's 
Opportunity cost, represented by the value of the workers' leisure 
time lost by accepting employment. 

The third and perhaps most important difference between 
financial (private) costs and economic (public) costs is related to the 
above concept of shadow prices and involves the treatment of trans-
fer payments including taxes and subsidies. A tax paid by an mdi-
vidual clearly has a financial impact on that individual; but in 
economic terms this tax may be considered a transfer payment from 
the individual to the state which does not consume actual resources. 
If the tax does not represent a true resource cost, then it is not con-
sidered an economic cost even though it is a finanicial cost. Similarly 
with subsidies, if the state provides a subsidy to investors to build 
wind energy projects, the subsidy would always he considered in the 
Financial analysis but not in the economic analysis. in other words 
taxes and subsidies are commonly assumed to have a shadow price 
of zero. 

The fourth area of distinction between public and private costs is 
regarding access to capital, including issues of debt service and cash 
flow constraints. Economic analysis will often assume a perfect 
capital market in which there are no constraints on the availability 
of capital. As a result, as long as a project has a positive net present 
value (NPV) at the appropriate discount rate, the economic analysis 
is not troubled by the prospect of negative cash flows in any particu-
lar year. From a private financial perspective, cash flow constraints 
are a very real concern and can substantially affect project costs. As 
discussed later in this chapter, the debt-service coverage ratio 
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(DSCR) is a key criterion used by lenders to energy projects to ensure 
that the borrower will always have sufficient cash flow in each year 
to meet debt service obligations. A project would typically not be 
acceptable to a lender if the project faces one or more years in 
which its cash flow is less than its debt service needs, even if the 
overall project NPV is positive. Thus, a project which appears eco-
nomically viable might not receive financing due to cash flow con-
straints and limited capital availability. 

Discount rate 
Financial flows that occur over a period of time must be discounted 
to reflect the time value of money. For a private investor, the dis-
count rate to he used in evaluating a project will be the opportunity 
cost of capital for an alternative project of similar risk. As a project's 
risk level increases, its discount rate also increases. If an investor 
must pay a rate of return of IC) per cent to finance a project, for 
example, then this would represent the project's appropriate oppor-
tunity-cost discount rate given its risk level. If the risk-free interest 
rate for government treasury hills were 3 per cent, then the differ-
ence of 7 per cent between the 10 per cent project discount rate and 
the 3 per cent risk-free rate would represent the risk premium 
assigned by the financial markets for the private investor's project. 
The financial markets thus provide a clear indication of the appro-
priate discount rate to be used in financial analyses. 

For econonhic analysis, the appropriate discount rate may he less 
clear. If economic analysis is assumed to represent the public per -
spective, public perceptions of risk and time preference may differ 
significantly from private perceptions. Substantial economic litera-
ture exists regarding the appropriate discount rate for public invest-
ment decisions (see, for example, Arrow and l,ind, 1970; Kula, 
1987). If one uses the social time preference rate as the appropriate 
discount rate for economic analysis of public investments., one typi-
cally obtains a real discount rate in the 2--5 per cent range (Kula, 
1987; Sharma et al., 1991). This is also roughly compatible with the 
risk-free government borrowing rate employed by some analysts. 

In terms of wind energy and its potential for combating long-term 
environmental concerns such as global warming, UNF.P (1998) sug-
gests a real societal discount rate of 3 per cent for analysing climate 
change mitigation prc jects. In contrast, the nominal rate of return 
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actually demanded by financial investors in wind energy projects 
may be over 15 per cent. With this very large discrepancy between 
social discount rates used in economic analysis and financial oppor-
tunity-cost discount rates used in financial analysis, the two analy-
ses can indicate significant differences in viability, especially 
considering the capital-intensive nature of wind energy projects. 
Thus, projects which appear to be viable from a societal perspective 
may not find investors who are willing to undertake them. 

In conclusion, several factors can lead to discrepancies between 
the results of financial and economic analyses. Consideration of tax 
credits and subsidies will serve to improve wind projects' financial 
viability compared to their economic viability. Meanwhile, consid-
eration of environmental externalities, debt-service coverage 
requirements and, most importantly, differences in discount rates 
will serve to improve wind projects' economic viability over their 
financial viability. 

Financing wind power projects 

This section provides a brief primer on wind power finance. Having 
outlined the factors which cause economic and financial viability to 
ii ivcrge, we now con sider in more detail the most important 
financing factors affecting wind energy projects. Before continuing, 
however, a brief explanation is warranted regarding the differences 
between corporate finance and project finance. Under corporate 
finance, a company's entire assets and revenue stream serve as col-
lateral for financing a project. Thus, if a large electric utility 
company obtains a loan using corporate finance to build a wind 
power facility, the oil I ity's entire asset-base of generators, transmis-
sion lines, distribution systems and the resulting revenue stream 
from Customers will all be considered by the lender when determin-
ing the terms of the loan. 

Project finance, by contrast, treats a project (such as a power plant) 
as a stand-alone legal entity with no recourse (Or limited recourse) to 
the parent companY. In other words, only the project's own revenue 
Stream can he used to pay the project's debt obligations.. Thus, if a 
utility built a wind power facility using project finance, the lender 
could not tap the utility's large asset-base to recover the loan in case 
the wind project failed to perform as expected. As a result, the non- 
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recourse nature of project finance places greater risk on the providers 
of capital, meaning that the cost of capital using project finance is 
typically higher than when using corporate finance. The risk 
prenhium charged in project finance is reduced to some degree, 
however, by the use of extensive loan covenants by project finance 
lenders. Such covenants place significant restrictions on the nature 
of activities which may he pursued by project owners, thus limiting 
the potential for misuse of funds. 

For various reasons, large utility companies normally use corpo-
rate finance for their investments, while sina]]cr independent power 
producers (TPPs, also known as 'non-utility generators', or NUGs) 
typically use project finance. 1  The history of wind power projects 
has been dominated by IPP-styLe development rather than by utfli-
ties. As a result, project-finance structures have been more promi-
nent; and the following discussion generally assumes the use of 
project finance rather than corporate finance. Nevertheless, the 
general principles are equally applicable for corporate finance as 
well. For a detailed analysis of the differences between corporate, 
project and public finance for wind projects, please refer to Wiser 
and Kahn (1996). 

Risk 
First and foremost to understanding the nature of finance in general 
and wind power finance in particular is the concept of risk. 
Investors are risk-averse, and the rate of return demanded by 
investors rises in direct relation to the level of risk they face. What 
exactly is risk? In investment ternis, risk is defined as the variability 
of returns on an investment, represented by the standard deviation 
of the return (see Francis, 1993; Brealey and Myers, 1996). Thus, 
suppose investment 'A' provides an average annual return of 10 per 
cent, but actual returns in any given year can vary between 5 per 
cent and 15 per cent, while investment 'B' provides a certain annual 
return of exactly 10 per cent. Both A and B provide the same 
average return, but A is more risky than B. As investors are risk-
averse and prefer certainty of returns, they would choose invest-
ment B over A. 

Because power-generation projects require high up-front capital 
investments to be recovered over many years, they are particularly 
sensitive to risk. Risks arise in energy projects due to uncertainties in 
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a wide variety of factors, including technology performance fuel 
cost, customer energy demand, customer financial viability political 
instability and so on. With the presence of each risk factor, the rate 
of return demanded by investors increases accordingly. Financiers 
will require that project risks be mitigated to the greatest extent pos-
sible through firm contracts and guarantees with equipment suppli-
ers, fuel suppliers, power purchasers, governments and so on. If the 
unmitigated risks are deemed to he too high, projects may not be 
able to attract financing at any price. 

Standard & Poor's, a US investment-rating agency, assesses private 
power projects' creditworthiness based on seven primary factors 
(Chew, I 995a, h, c). Chew outlines these risk considerations as follows 

Output sales CflfltWCtS 

• How is the power purchase contract structured to ensure an ade-
quate revenue stream? 

• What is the relative reliance on capacity payments vs. energy 
payments? 

• For capacity payments, how high must plant availability be? 
Does the capacity tayment cover debt service and fixed O&M? 

• how are energy payments related to fluctuating fuel prices and 
variable O&M costs? 

• What regulatory-out clauses are included in the contract which 
allow the government to disallow certain energy or capacity 
payments? 

• For cogeneration projects, how is the steam purchase contract 
structured? 

Power costs 
How expensive are the project's power costs in competing with 
other power plants? The cost charged by the seller to the utility 
must he low enough for the utility to want to dispatch the plant, 
but high enough to be profitable for the seller. The project's 
power costs will be influenced by project technology efficiency, 
site acquisition costs, plant proximity to fuel supply, and market 
fluctuations in financing, fuel and operating costs. 

Fuel risk 
• I-low well are fuel costs matched to electricity sales prices? 
• Can increases in fuel costs be passed on to the electricity purchaser? 
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• Is the project over-relying on spot-market fuel purchases com-
pared to longer-term contracts? 

Project structure 

• What percentage of the project's funding is through equity vs. 
debt? With non-recourse project financing, sufficient equity 
capital is necessary to keep owners committed to project viability. 

• Does the project structure sufficiently prevent withdrawal of 
ownership equity and limit distributions to owners until proper 
cash flow and capital reserve requirements are satisfied? 

• Does the project structure sufficiently restrict diversion of project 
funds into other assets and preclude sale of assets or ownership 
interests subject to bondholder approval? 

• Does sufficient liquidity exist to cover temporary project 
difficulties? This is particularly important for higher-risk tech-
nologies, and at least 6 months of debt service and 0kM costs 
should be held in reserves. 

• L)oes project insurance sufficiently cover replacement value of all 
operating equipment and provide business interruption insur-
ance in case of a catastrophic event? For less I;roverl technologies, 
will other operational difficulties be covered by insurance? Does 
the ilisurer have an invcstmentgrade credit rating? 

Tecliiiologv risk 

• What is the level of construction risk? In other words, what is the 
chance that the project will not reach acceptance as scheduled 
and budgeted? 

• Does the project involve a relatively simple technology and 
design, or is a more complex design being employed? What level 
of equipment performance warranties are provided? 

• What is the construction capability and financial strength of 
project contractors? 

• What level of guaranty is provided by contractors or third 
parties to fulfil all construction requirements? Are construction 
contract damage payments sufficient to cover project debt 
service requirements? 

• What level of operating risk is involved? Will units provide the 
level of thermal efficiency required to reach project financial per-
formance goals? Are long-term 0kM expenses likely to be in line 
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with those projected? Is unit availability likely to be sufficient to 
meet performance requirements? 
What is the level of operator experience? If operation is provided 
by a third-party service provider, are their expenses contractually 
controlled and sufficient performance incentives provided? 

Power porch ser's credit strength 
• How likely is the power purchaser to meet its contract obligations 

to purchase sufficient power to keep the project financially 
viable? What is the power purchasers bond rating? 

Projected financial results 
• What is the likelihood that cash flow will be sufficient to meet 

fixed charges (principal, interest lease obligations), non-recurring 
capital requirements and O&M? 

• What level of cash flow is dependent on non-certain sources such 
as non-contract spot power sales? 

• Are floating-rate debt and foreign currency debt fully hedged 
against harmful fluctuations? 

In addition, the International Finance Corporation (the private-
sector arm of the World Bank Group) lists environmental risks as 
another significant project risk factor (Bond and Carter, 1995). 
These risks include: (1) hazards such as fires or explosions, (2) viola-
tion of environmental regulations such as emission standards, 
(3) site contamination, and (4) special concerns such as resettlement 
of indigenous populations. 

In light of the above risk factors, wind energy projects enjoy 
advantages compared to conventional fossil fuel technologies in 
terms of fuel risk and environmental risk. Regarding technology 
risk, wind energy's status is less clear. Wind turbine technology is 
now mature and highly reliable, achieving availabilities of 98-99 per 
cent (see Chapter 3). And given that the most critical components 
come fully assembled from the factory, field construction is simple 
and relatively risk-free. In reality, therefore, technology risk associ-
ated with wind energy may now he as low or possibly even lower 
than that of more established fossil fuel technologies which require 
significant customised on-site construct ion. 
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On the other hand, the financial community itself is generally less 
familiar with wind technology and largely continues to view it as an 
unconventionaI' and hence risky new technology. This perception 
is strongly influenced by the history of wind power development in 
the USA in the early 1980s, when actual performance of many wind 
turbines was tar below that promised by project developers (see Cox 
et al., 1991). Brown and Yuen (1994) emphasise this institutional 
memory factor as a particularly important harrier to obtaining 
finance for wind projects. Perceptions also continue to he coloured 
by the propensity to lump all wind technologies into one uniform 
category. Thus, the failure in the 1990s of the much-vaunted 
Kenetech (the most prominent US wind turbine manufacturer 
through the 1980s and early 1990s) variable-speed wind turbine to 
perform as expected, combined with Kenetech's bankruptcy in the 
mid-1990s, is likely to cause many investors (particularly American) 
to shy away from all wind energy technologies in spite of the fact 
that Danish turbines, for example, have been operating reliably for 
over a decade. 

Similarly, under project structure risks, Standard & Poor's indi-
cates that less proven technologies will require higher liquid capital 
reserves and insurance coverage, thus further raising costs. The per-
ceptions of technological risk by the financial community must 
therefore he addressed in light of wind turbines' actual technologi-
cal reliability which by the late 1990s has been well estahlished. 

The most important risk factor facing wind energy projects may 
be in the area of output sales contracts. Utilities purchasing power 
from IPPs typically provide separate payments for energy and capac-
ity. Energy payments are made for each kWh generated, while 
capacity payments are made per kW of firm capacity available at the 
time of the utility's need. Given the variable nature of wind 
resources, utilities may not be willing to make capacity payments to 
wind power generators. 2  Thus, even if wind power costs are eco-
nomically competitive with conventional technologies, wind 
power's lack of dispatchability may result in less favourable power 
purchase contracts, making wind power less financially viable than 
conventional power plants. 

Some of this risk may be mitigated to some degree with the emer-
gence of day-ahead and hour-ahead forward and spot markets in 
competitive power markets, as discussed later in this chapter. With 
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accurate short-term wind prediction now increasingly possible, 
wind power generators may he ablc to bid reliable power into short-
term markets. On the other hand, as outlined by Standard & Poor's 
under their projected financial results' risk category, over-reliance 
on non-certain spot power sales is also disfavoured by investors. 

Thus, the single most important factor affecting the risk and 
hence 'financeability' of wind energy projects is the availability of 
an acceptable long-term power purchase contract. This has been a 
critical factor not just for wind power, in fact, but for all forms of 
IPP-developed conventional power plants as well. More recently, 
however, I PPs have begun constructing h igli-efficiency gas-fired 
power plants without complete long-term power purchase contracts, 
known as merchant plants. This has been possible under the 
assumption that these new merchant plants would be competitive 
under virtually all circumstances and would thus be financially 
viable even without contractually guaranteed long-term sales. For 
wind power, lack of dispatchability means that, despite low overall 
costs, merchant wind plants are not likely to he financially feasible 
in the near future. The importance of power purchase contracts is 
furthe.r discussed later in this chapter as well as in Chapter 7. 

The variability of wind resources also leads to another type of risk. 
Though wind energy avoids fuel price risk because its fuel is free, it 
faces instead a resource variability risk. In spite of the increased 
availability of accurate average wind resource assessment and short-
term wind prediction techniques, there will always continue to exist 
a risk of climatic variation from year to year, resulting in fluctuating 
annual wind resources, just as hydroelectric power is vulnerable to 
annual changes in river flow. Such annual fluctuation means that 
wind power projects may face cash flow shortages in the event of a 
'low-wind' year, such as occurred at California's Altamont Pass in 
1994, for example (Brown and Yuen, 1994). In Denmark, an analysis 
of wind data over 20 years indicates a standard deviation in annual 
average wind speed of +1- 10 per cent and a maximum deviation of 
+/— 20 per cent from the long-term average. 

These various risks can in turn result in a higher cost of both 
equity and debt capital and/or a higher required debt-service cover-
age ratio (DSCR), which also leads to a higher overall cost of capital. 
Kahn (1995) provides an overall comparison of financing costs 
between wind and fossil-fuel power plants. Kahn estimated the cost 
of equity capital for two TPPs engaged in fossil fuel-based power 
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plant development at 8.37 per cent and 11.14 per cent, respectively. 
In comparison, his estimate of the cost of equity capital for a wind 
power development company was 17.36 per cent, indicating a 
significantly higher level of perceived overall risk for the wind 
energy company. 

Kahn's estimates of equity capital cost were derived using the 
capital asset pricing model (CAlM), a model widely used in the 
financial industry, which assumes that a company's cost of capital 
varies in direct proportion to its level of 'market' or 'undiversiflable' 
risk (see Brealey and Myers, 1996). The rate of return expected by 
investors is determined based on the guaranteed rate of return pro-
vided by a riskless asset (like treasury bills), the expected rate of 
return on the overall stock market and the riskiness of the individ-
ual company being analysed compared to the riskiness of the 
market as a whole. A company's level of market risk is represented 
by its heto va!ue, in which the overall market has a beta of 1.0. If a 
company has a beta greater than 1.0, it is considered an aggressive 
stock with higher riskiness than the stock market as a whole (and 
hence requiring a higher rate of return). Conversely, a company 
with a beta of less than 1.0 indicates a defensive stock with rela-
tively small price movements. Kahn estimated the beta values of the 
two fossil-fuelled IPP companies to be 0.52 and 0.85, respectively, 
indicating risk levels for these two companies well below the level of 
risk in the overall stock market itself. The wind power company, on 
the other hand, had an estimated beta value of 1.59, indicating a 
level of risk much higher than that of the other two IPI's as well as 
the overall market itself. This high level of perceived risk by 
investors results in a considerably increased cost of capital, which 
translates into an increased per-kWh cost of wind energy. 

However, Kahn's cost-of-capital calculations were based entirely 
on companies in the USA, where wind power has had a notably 
volatile and troubled history (see Chapter 7). The level of riskiness 
perceived in other countries can be substantially different, as dis-
cussed in the following section; and even in the USA, perceptions of 
high risk for wind energy projects have lessened somewhat in the 
late 1990s, compared to the time of Kahn's analysis. 

Capital structure 
Risk is not only the most important factor influencing the cost and 
flnanceability of wind energy projects, but its influence can be 
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observed through a variety of forms, such as capital structure, by 
which we refer to the rcative reliance on debt vs. equity capital. The 
characteristics of debt and equity finance are hriefly described below. 

Debt generally consists of loans borrowed from banks and bonds 
issued on the capital markets. The main characteristic of debt is that 
the borrower must repay the interest and principal according to a 
pre-set schedule, regardless of the borrower's profitability or ability 
to repay. Because a lender's only profit will come from the interest 
payments received, 1  the lender's profit will not increase if the bor-
rower invests in risky projects which yield high returns. Because the 
lender's up-side earning potential is limited, the lender will prefer 
conservative investments with lower risk which provide a higher 
likelihood of successful loan repayment. 

Equity represents ownership in the firm and consists of retained 
profits and shares issued either privately or through a stock market. 
Equity investors in a company are typically rewarded through divi-
dend payments and through appreciation of the shares' market 
value. Equity holders can only be paid after all of the company's 
debt obligations have been met. However, unlike debt holders, 
equity holders have unlimited up-side earning potential from 
profitable investments. 

Hybrid forms of capital such as subordinated debt and preferred 
equity are also used, which exhibit some characteristics of both debt 
and equity (see Kahn et al., 1992; Brealey and Myers, 1996). Such 
hybrid instruments typically account for only a small proportion of 
capital raised, however, and will he ignored in this discussion for 
the sake of simplicity. 

Because debt holders (creditors) have prior claim on a company's 
revenues over equity investors, creditors face a lower level of risk 
than equity investors. In return for accepting higher risk, equity 
investors demand a correspondingly higher rate of return. For this 
reason, it is cheaper for a company to raise capital through debt 
than through equity. A company or project's overall cost of capital 
is determined using the following basic formula: 

WACC = (W 1 . C 1 ) + ( W C,), 	 (5.1) 

where: 
WACC = weighted average cost of capital 
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Wa 	= weighting or proportion of debt 
ca 	= cost Of debt 
W. 	weighting or proportion of equity 
ç 	= cost of equity. 

For example, if debt costs 8 per cent/yr and equity costs 12 per 
cent/yr and a company raises 50 per cent of its capital through debt 
and 50 per cent through equity, then its WACC would he (0.50 
8%) + (0.50 12%) = 10.0 1Yb/yr. As debt is cheaper than equity, the 
weighted average cost of capital in the above formula appears to 
decrease as the relative proportion of debt increases. Because the 
cost of capital has an inverse effect on a conipany or project's 
profitability, the formula suggests that profitability is maximised by 
maximising the proportion of debt. 

1-lowever, financial theory suggests that, in a perfect capital 
market with no taxes or bankruptcy costs, capita] structure should 
have no effect on a company's cost of capital or profitability 
(Modigliani and Miller, 1958). This is because, as the proportion of 
debt increases in a company's capital structure, the level of risk for 
equity owners also increases since equity owners can only receive 
profits after all debt obligations have been paid. As a result, the rate 
of return demanded by equity investors (that is, the cost of equity 
capital) increases as the projortion of equity in the capital structure 
falls. Thus in our example from the previous paragraph, if our hypo-
thetical company raises its proportion of debt (costing 8%/yr) from 
50 per cent to 80 per cent, then the cost of equity might rise from 
12 1X)/yr to 18%/yr as the proportion of equity falls from 50 per cent 
to 20 per cent. The resulting WACC then would he (080 . 8 1X)) + 
(0.20 . 18%) = 10.0%/yr, no different than its previous level. 

In reality, however, capital structure does in fact affect the cost of 
capital, largely due to the presence of taxes. In many countries, inter-
est payments on debt can be deducted as an expense from compa-
nies' taxable profits. As a result, the earlier WACC formula can he 
modified to calculate the after-tax weighted average cost of capital as: 

WACC* = (I - r) (Wa . C) + (W (?), 	 (5.2) 

where: 
WACC* = after-tax weighted average cost of capital 
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r 	= marginal tax rate. 

The after-tax weighted average cost of capital formula shows a 
clear advantage to maximising the proportion of debt in the capital 
structure. This advantage may be tempered by the fact that, for 
investors, capital gains on equity are often taxed at a lower rate than 
interest income on debt (see Brealey and Myers, 1996). Nevertheless, 
the overall result of taxation has typically been to strongly favour 
the use of debt over equity in financing energy projects. In 
analysing twelve project-financed fossil fuel-based 11 1 1 1  projects, 
Kahn et al. (1992) found that only one project had a senior debt 
ratio 4  of less than 75 per cent. 

The preference for debt may also he partially explained by another 
factor. In spite of the earlier-cited financial theory that the Cost of 
equity capital should rise in direct relation to the proportion of debt 
in the capital structure, Wiser and Kahn (1996) suggest that this rise 
in the cost of equity due to debt leveraging has been relatively 
minimal in the USA. 

One possible explanation for this may be that the nature of 
energy project finance limits the true risks borne by equity 
investors. Energy projects financed through project finance have 
typically been characteriseci by two fundamental conditions: (1) the 
project must obtain a power purchase contract from the utility, 
guaranteeing that the utility will purchase the electricity generated 
by the project; and (2) all significant elements of risk in the project 
(construction delay, fuel price escalation, technology performance 
and so on) must be mitigated or hedged through adequate contracts 
with builders, fuel suppliers, equipment vendors and others. As a 
result of the power purchase contract a large portion of the project 
risk, such as uncertain customer demand, is in fact transferred from 
the project's equity investors onto the utility (and ultimately the 
utility's ratepayers). Furthermore, the rigorous risk-management 
measures regarding construction, fuel risk and so on all come at a 
cost, which may also be ultimately paid by the purchaser, that is, 
the utility and its ratepayers. The result of this may he that equity 
owners do not shoulder a substantial portion of project risk; and in 
such a case, it might also mean that investor risk (and hence their 
required rate of return) does not increase proportionally to the level 
of debt leverage undertaken. 
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Regardless of the reasons, experience suggests that energy project 
developers strongly prefer the use of debt over equity as a means of 
reducing overall project costs. T lowever, wind energy projects in the 
USA have been characterised not only by a higher cost of equity 
capital than conventional power plants, as described ear] icr, but also 
by a higher proportion of equity in the capital structure. Kahn 
(1995) cites the example of a 1994 project which was structured 
using 50 per cent debt and 50 per cent equity. This may be attrib-
uted in large part to the presence of the wind-energy production tax 
credit (FTC) in the USA, which provides a tax credit per kWh of 
electricity generated by wind power and indirectly encourages 
increased equity financing. 5  However, even in the absence of the 
FEC, the proportion of equity in wind energy projects is higher than 
that in conventional fossil fuel projects. 

This need for a higher proportion of equity in wind projects 
brings us back to the issue of risk. Lenders may not only raise the 
interest rate required for loans to risky projects, but they will also 
restrict the amount of credit they are willing to provide. Thus, 
lenders will determine the level of equity required based on the level 
of perceived risk in a project. The higher the perceived risk, the 
higher the proportion of equity capital lenders will require in order 
to limit the likelihood of default.' Standard & Poor's project viabil-
ty assessment criteria, discussed earlier, also highlight these 
debt/equity considerations under the 'project structure' risk cate-
gory. Thus, gas-fired 11 1 1 1  projects in the mid-I 990s had typical 
equity requirements of around 15 per cent, while equity require-
ments for similar renewable energy pro(ects were often as h igli as 
25 per cent (Brown and Yuen, 1994), leading to much higher 
financing costs for renewablcs. 

Again, however, such perceptions of risk and associated equity 
requirements are highly country-dependent. The high proportion of 
equity required for wind projects, discussed above, is characteristic 
of the USA and will typically be true for any country not having 
much experience with wind energy. In countries with strong policy 
support for wind energy, the cost of capital and required equity frac-
tion can be much lower for two reasons. First, a supportive policy 
environment reduces investors' perceptions of risk, thus lowering 
lenders' requirements for a significant equity investment and reduc-
ing equity investors' required rate of return. Second, a country's 
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wind energy policy may specifically facilitate the easing of financing 
conditions through soft loans, for example. 

Denmark and Germany, two of the world's leading wind energy 
producers, highlight each of these two factors. Denmark's support 
for wind energy comes in two primary forms: a guaranteed purchase 
price for all wind-generated electricity and an exemption from CO 2  
and fossil-fuel energy taxes. The market for wind energy in 
Denmark is secure enough that a new wind turbine installation can 
he financed through commercial loans with 100 per cent debt at a 
nominal interest rate of only 5.5-7 per cent per year (Andersen, 
1998). Germany's support mechanism for wind power includes an 
explicit preferential finance component. A German federal funding 
institution provides loans at below-market interest rates which can 
cover approximately 75 per cent of project costs. Combined with 
further commercial loans from local banks, German wind projects' 
equity contributions are limited to less than 10 per cent (Lindley, 
1996). Chapter 7 provides more detailed policy discussions on these 
and other countries. The critical conclusion, however, is that 
financing considerations, including the cost of capital and hence 
the ultimate cost of the project, are intimately linked with the 
policy environment in place. 

Debt service coverage ratio 
The debt service coverage ratio (DSCR) is defined as the ratio 
between the cash flow arising from a project in any given year and 
the amount of cash necessary to service all debt payments in that 
year. The DSCR numerator includes pre-tax income minus operating 
expenses (O&M, land, insurance, property taxes and so on), while 
the denominator contains both interest and principal payments. 
However, in corporate finance, bonds are typically rolled over at the 
time of maturity such that the principal is never actually paid. Thus 
in corporate finance, the denominator of the DSCR would usually 
include only interest payments, while in project finance, the 
denominator includes both interest and principal payments. 

Because the DSCR indicates a project's ability to meet its annual 
debt service obligations, project-financed projects must pay particu-
lar attention to the DSCR. In project finance the lender does not 
have recourse to the project owner's assets outside of the project, so 
the lender must ensure that the project itself always has sufficient 
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cash flow in any given year to meet that year's debt payments. 
Therefore, a lender will never allow an expected DSCR of less than 
1.0 in any year. The required minimum DSCR will depend on the 
project's perceived riskiness and how sensitive the project's cash 
flow is to uncertain factors such as technology performance, fuel 
availability and so on. If all project risks have been adequately 
hedged, then a minimum DSCR of only slightly above 1.0 may be 
acceptable to the lender. Wiser and Kahn (1996) estimate the 
minimum acceptable DSCII of an IPP gas-fired project to be around 
1.2-1.25, while the minimum DSCR for wind projects is likely to be 
around 1.4, reflecting the higher real and perceived risks of wind 
projects. Wind-resource availability risk is particularly important in 
raising the minimum DSCR; while gas fuel availability can be 
ensured through an appropriate gas supply contract, wind availabil-
ity cannot be guaranteed. Some renewable energy projects (not nec-
essarily wind) can have minimum DSCRs of as high as 2.5 (Brown 
and Yuen, 1994). 

The key influence of the minimum DSCR requirement is that it 
limits the amount of debt which a project can take on, thus raising 
the necessary amount of (more expensive) equity capital. Due to 
wind energy's capital-intensive nature, DSCR constraints are most 
keenly fell in We first years of a project's operation. This can be mit-
igated if the payment stream received by the wind project is front-
loaded, but the utility purchasing the wind power may not 
necessarily agree to this owing to the increased risk entailed for the 
utility. One commonly-used front-loading technique involves the 
use of a constant nominal power purchase price throughout the life 
of the project. This results in a higher real purchase price in the 
project's early years, with subsequently lower prices in later years as 
the constant nominal price loses value through inflation. Another 
possibility is to back-load project debt repayments such that, rather 
than a standard mortgage-style repayment scheme of uniform 
annual payments, debt payments increase over time, thus reducing 
the debt-service burden in the project's early years. 

Debt maturity has a similar impact on finance costs due to its 
effect on the DSCR. Short-term debt requires higher annual debt 
payments, resulting in further DSCR constraints. As a result, as the 
loan term is shortened, a project must rely on a higher proportion 
of costly equity capital to meet the minimum required DSCR, thus 
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raising prolect  costs. This is mitigated to some degree by the fact 
that shorter-term loans typically charge a lower interest rate. 
Neverthe1ess overall finance costs increase as loan maturity 
decreases, due to the [)SCR constraint. 

The authors used Wiser and Kahns (1996) project finance pro 
forma cash-flow model with slight modifications to reflect Danish 
power purchase conditions and obtained the following results. 
Assuming the typical Danish wind power purchase price (including 
energy tax and CO, tax refunds) of 0.60 DKK/lWh (0.091 US$/kWh 
at the average 1997 exchange rate) and 100 per cent debt financing 
(assuming 50 per cent 5-year loan at 6% and SC) per cent 10-year 
loan at average 7%), it would yield a minimum debt-service cover-
age ratio of 1.46, 1  which is well in line with typical DSCRs for US 
wind projects. This is in fact a fictional comparison, because Danish 
loans are structured differently from US loans; the entire loan is typ-
ically repaid before the wind project owner retains any profits. 
Nevertheless, the comparison illustrates that the high power pur-
chase price of the Danish wind power market appears to allow 
Danish wind projects to meet typical American debt-service cover-
age requirements without any need for owner equity input. Wind 
power projects are therefore highly profitable for owners in 
1)enmark, largely explaining their popularity as investments. 

Overall wind power financing constraints 
The previous discussion highlighted two primary constraints com-
monly found in financing wind power projects: the high cost of 
equity capital and the need for a large proportion of equity rather 
than debt capital. The need for a high equity fraction is in turn 
influenced by factors such as the debt-service coverage ratio and 
debt maturity terms. In addition, wind energy projects in the USA 
pay a higher interest rate on debt than do comparable fossil-fuelled 
projects. Wiser and Kahn (1996) analysed the difference between 
typical financing conditions for project-financed wind and gas-fired 
power projects and analysed to what degree the levelised cost of 
wind energy could he lowered if wind projects had the same 
financing terms as gas-fired projects. Their results are summarised in 
Table 5.1. 

The resutts show, for example, that if the cost of wind energy pro-
jects' equity capital could be reduced from the 18%/yr level assumed 
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Fable 5.1 Comparison of typical financing ternis for US wind and gas 
power projects 

i-it;ant lot varuihie 	Wind foyer 	his-fired 	VO ReiIiicl 1011 in /00/15111 

project 	projr'it 	wiiui I'UCIgV cost if 	 Oil 
[iou i(ing I eons were 
Czllh7l to tiulsi  
pri)jtt ts 

1)ebt interest rate 	9.5% 	8.0% 	4 

l.)ebt maturity 	12 years 	15 years 	5 

Minimum l)CSRr 	1.4 	1,25 	3 

Cost of equity capital 18% 	12% 	18 

AU of above variables sanie for wind as for gas 	26 

.;rcc: Wiser and Kahn 1 .  I 996), p. 4 1, adapted by author. 

for US wind projects down to the 12 1%/yr level typical for US gas-
fired power projects, then the levelised cost of wind energy would 
be reduced by 18 per cent. The Table 5.1 results were obtained by 
individually modifying each of the four parameters. The cost reduc-
tions are not additive because there are interactive effects betweeji 
parameters. For example, lowering the interest rate, lengthening the 
debt maturity and reducing the minimum DSCR requirement all 
allow reduced reliance on equity capital, thus Lessening the impact 
of reducing the cost of equity capital. An optimal combination of all 
four factors, calculated by the author, would allow a total reduction 
in wind-power levelised costs by 26 per cent. Thus, given Wiser and 
Kahn's assumptions, wind-power levelised costs could be reduced 
from USS 0.0495/kWh to US$ 0.0365/kWh if wind power plants 
received financing terms identical to those of gas-fired power plants. 

Thus, wind energy costs can he reduced substantially if the level 
of risk facing investors is reduced. Some factors, such as wind's 
inherent resource variability, may mean that wind projects' required 
DSCR may never become as low as that for gas projects (or may 
require very conservative wind-resource assessments in return for a 
low DSCR). However, other factors show considerable room for 
improvement. For example, the high equity cost of wind projects in 
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the USA is partly a reflection of past technology failures and is not 
necessarily lustified  by the reliability of today's state-of-the-art tur-
bines. Wind power financing terms have in fact already improved 
considerably since the 1980s and should continue to improve as 
wind-power becomes more accepted as a mainstream energy 
resource. 

Nevertheless, the level of risk experienced by investors is, to a 
significant degree, a function of the policy environment in place. 
Policy makers thus have the ability to substantially influence the 
cost of wind energy, not only through subsidies and incentives, but 
also by simply improving policy stability and enhancing the avail-
ability of rcliable power purchase contracts. The challenge for policy 
makers is to reduce the level of investor risk without simultaneously 
reducing the incentive for further innovation and cost reduction. 
The discussion in Chapter 7 demonstrates that mechanisms are 
available to achieve this and are being successfully implemented in 
several countries. 

Financing considerations in emerging economies 

Though the most significant experience in implementing wind 
energy projects has been in developed countries, interest is increas-
ing in developing countries as well. India already has one of the 
world's largest wind power programmes, and China, Egypt and 
others are also installing significant wind capacity. Nevertheless, 
developing countries encounter added financing challenges due to 
the greater risks typically involved. 

The most important risks facing investors in emerging economies 
stem from weaknesses in the institutional and legal frameworks 
present, which can manifest themselves as political instability, lack 
of regulatory transparency, corruption, forced contract renegotia-
tion, currency devaluation, labour Unrest and many other forms. 
One risk of particular concern is often the power purchaser's credit 
strength. In many countries, utilities are an arm of the government 
and subject to political control, whether in the form of subsidised 
tariffs, mandates for unprofitable rural electrification or labour rigid-
ity. As a result, the utilities which sign power purchase contracts 
with power producers may themselves not be financially sound, 
thus endangering the reliability of the long-term revenue stream 
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which forms the basis of the project. Revenues may also he at risk 
due to technology performance risk, whether as a result of construc-
tion shortcomings or of poor maintenance. Even when profits are 
realised, governments may sometimes restrict developers' ability to 
repatriate profits out of the country. 

The presence of such risks raises the cost of capital and hence 
project costs. And though many risks can be reduced through 
appropriate contractual arrangements and loan guarantees, these 
too come at a cost. Adding to the problem of high costs is that 
financing may at times not be forthcoming at any price. In particu-
lar, developed countries' commercial banks, having been badly 
burnt by the Latin American debt crisis of the 1980s, have 
significantly reduced their exposure to long-term developing 
country debt, precisely of the type required for power plant develop-
ment. And though foreign equity capital has become more available 
in the 1990s, this is also subject to fashion; and the Asian financial 
crisis of 1997 may reduce foreign investors enthusiasm for emerg-
ing economies for some time to come. 

None of the above-mentioned risks are in any way unique to wind 
power or renewable energy in general. Conventional power plants 
are equally confronted with the manic risk factors. However, wind 
and other renewable energy projects are at a particular disadvantage 
because of their relatively small size compared to conventional pro-
jects. All power development projects involve substantial transac-
tion costs in terms of contract negotiations and risk management 
provisions; and these costs are typically similar whether a plant has 
a 100 MW or 1000 MW capacity. Significant economies of scale 
therefore exist regarding transaction costs, and wind power plants 
are typically at a disadvantage. This transaction cost disadvantage 
for renewabics exists in developed countries as well but l5 particu-
larly severe in developing countries because of the more stringent 
risk-management needs. 

Though financing projects in emerging economies does entail 
added complexities, a significant number of organisations exist to 
provide assistance. There are five prirniary multi lateral development 
banks working in emerging economies: the World Bank, Inter-
American I)evclopment Bank (IDB), Asian l)cvclopment Bank 
(Al)lfl, African 1)cvclopment Bank (Afl)B), and European Bank for 
Reconstruction and Development (EBRD), all of which provide 
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extensive finance for energy projects, of which renewable energy is 
one component. With the exception of EBRD, these multilateral 
banks provide loans primarily to governments and require sovereign 
guarantees of repayment. However, the banks also have separate 
affiliates which provide finance to the private sector without gov-
ernment guarantees, including the International Finance 
Corporation (IFC, part of the World Bank Group) and the Inter-
American Investment Corporation and Multilateral Investment 
Fund (both affiliated with the 1DB). Other multilateral banks 
inc]ude, among others, the European Investment Bank, Nordic 
Investment Bank and Islaniic Deve]opmcnt Bank. 

The multilateral development banks are important not only for 
the financing which they directly provide, but also for ensuring 
project soundness and thus stimulating further financing froni other 
institutions, such as commercial banks. The World Bank also pro-
vides loan guarantees against torce irmjeure events to private lenders 
in order to encourage further private-sector loans. In addition, the 
Multilateral Investment Guarantee Agency (also part of the World 
Bank Group) provides investment guarantees regarding currency 
transfcr, expropriation, war, civil disturbance and breach of contract 
bythe host government (Razavi, 1996). 

Ihe above-mentioned institutions do not necessarily emphasise 
renewable energy in their energy-sector loan portfolios, but renew-
able energy has generally begun to receive a higher profile in recent 
years. Funds which specifically target renewables include the TFC's 
Renewable fInergy and Energy Efficiency Fund, and the Global 
Environ mcnt Facility (jointly run by the World Bank, UN 
Development Programme and UN Environment Programme). The 
European Union also has various programmes including the 
European Development Fund (Directorate General viii), EC 
Investment Partners (D('T i), Joule/Thermie (DG u and xvii), and 
Altener, Synergy and INCO (DG \vii) programmes (Windpower 
Monthly, 1998a). 

In addition, as part of the Kyoto Protocol to the United Nations 
Framework Convention on Climate Change, a Clean Development 
Mechanism is being established through which developed countries 
(who are obligated to reduce their emissions) can finance climate 
change mitigation 1 ojects such as wind energy in developing coun-
tries (who are not obliged to reduce emissions). By participating 'ol-
untarily, the developing country receives funding to pursue a less 
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polluting development path; and in return, the developed country 
receives credit for the emission reductions to contribute towards 
meeting its own emission reduction commitments (UN, 1997). 

Private-sector specialised investment funds also exist for 
financing energy projects in emerging economies, including the 
Global Power Investment Company, Scudder Latin America Trust 
for Independent Power, The Asian Infrastructure Fund, AIG Asian 
infrastructure Fund and Alliance ScanEast Fund (Anayiotos, 1994), 
but such investment funds mostly favour conventional energy pro-
jects over renewahies. Other exaiiiples of funders for renew-
able energy projects include the German Investment & L)evclop-
ment Company, F. & Co., Energy Capital Holding Company 
International, Energy Investors Funds Group, Environmental 
Enterprises Assistance Fund, Netherlands Development Finance 
Company, and Impax Capital (REPSource, 1998). 

A large number of countries also provide bilateral development 
assistance for energy projects, many of which include a significant 
component for environmental protection, including renewable 
energy. Japan is the largest overall donor in absolute terms, and its 
development agencies include the Overseas Economic Cooperation 
Fund, the Export-Import Bank of Japan, and the Japan International 
Cooperation Agency. The USA is the second-largest donor in 
absolute terms, and its agencies include the US Agency for 
International Development, the US Export-Import Bank and the 
Overseas Private Investment Corporation. Germany's large develop-
ment assistance programme is implemented by, among others, the 
Bundesm inisterium für Wirtschaftliche Zusam menarheit urid 
Fntiwicklung BMZ), Kreditanstalt für Wiederaufbau (KfW), and 
Gesellschaft für Techrnsche Zusammenarheit (Gl'Z). Other countries 
with development assistance programmes typically emphasising 
environmental protechon include Canada, Denmark, Finland, 
Norway and Sweden. Most other European countries' bilateral devel-
opment programmes include an energy component as well. Many 
Arab states in the Persian Gulf area also provide significant develop-
merit assistance for energy projects. Good detailed listings of multi-
lateral, regional and bilateral funding organisations can he found in 
Razavi (1996) and Private Power F.xecutive (1997). 

Bilateral programmes for wind energy provide assistance not only 
for power plants but also for developing a general wind energy 
infrastructure in areas such as wind resource assessment, turbine 
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testing, training and so on. An examp]e of such technology transfer 
co-operation is the Hurghada Wind Energy Technology Center in 
Egypt, developed through an Egyptian—Danish co-operation pro-
gramme on renewable energy and providing an important cornpo-
nent in Egypt's plan to install 600 MW of wind turbine capacity by 
the year 2005 (Hansen et al., 1997). 

Competition and power markets 

If there is one single development in the electricity industry which 
most exemplifies the decade of the 1990s,   it is probably the increas-
i ng trend towards privatisation and competition in power markets. 
Electric utilities throughout the world have traditionally been 
viewed as natural monopolies and have operated as either state-
owned and -run entities ( for example, France, the UK) or as private 
monopolies opera ling under close govern ment regulation (for 
example, the USA, Japan). Developing countries' utilities have been 
mostly state-owned. 

This began to change starting around 1978 and the passage of the 
US Public Utility Regulatory Policies Act (PURPA), which mandated 
that US utilities purchase electricity generated by qi.ialifving private 
power producers. PURPA thus broke ES utilities' local monopolies 
on electricity generation, while maintaining their monopoly in 
transmission, distribution and sales. Since that time, around the 
world, utilities' hold on the generation market has steadily weak-
ened as independent power prcduccrs (I1 1 5) rapidly expanded their 
reach. Nonetheless, in spite of private powers encroachment, this 
model of competition has been characterised by the utility continu-
i ng to maintain responsibility for overall system planning, power 
plant dispatch and system reliability. Thus, the utility remained the 
sole outlet for all generators' power output. This model of compet-
ing generators selling to a common purchasing agent has been 
termed the Purchasing Agency' model (1 lunt and Shuttleworth, 
1996). This Purchasing Agency model turned out to be highly 
beneficial for wind energy, as it was under such systems that wind 
energy first began to thrive, either through long-term power pur-
chase contracts with utilities (as in the USA) or through implicit 
contracts backed by government mandates (as in Denmark). 



Fine, ii, ( :Ompi'tito U (ii d Pewer Ma,ki'ts 123 

Beginning in the early 1990s with Norway, the UK, Chile, 
Argentina and others, countries began pushing competition further 
by eliminating the common purchasing agent and allowing all gen-
erators and power marketers to sell directly to either wholesale or 
retail customers. In this new model, sellers are granted non-discrimi-
natorv access to transmission and distribution systems, with plant 
dispatch performed by an independent system operator. Contracts 
between generators and customers are either negotiated bilaterally or 
accomplished through a power pool. In such wholesale and retail 
competition systems, the transmission and distribution wires busi-
nesses continue to operate as regulated monopolies, but all other ser-
vices are open to competition, often requi ring utility divestiture of 
generation assets to reduce utility market power. Thus, the utility's 
role in the generation market is reduced even further than in the 
earlier Ikirchasing Agency model; and importantly, the utility no 
longer fulfils the cenlralised gmeration-system planning role. In tact, 
the generation planning role is eliminated entirely, as it is asSLilileci 
that the markct' will adequately anticipate growing poer needs 
and will build new power plants accordingly to meet this need. 

For both UtilitV and non-utility electricity generators, this change 
is nothing short of revolutionary. ftc replacement of stable rate-of-
return regulation with all-out competition means that the dis of 
fixed profits guaranteed by long-terni po'er contracts are rapidly 
disappearing. What implications does this hold for the development 
of new power plants, and, more specifically, what is the prognosis 
for wind por in this new environment? 

First and foremost wholesale and retail competition mean a 
drastic increase in risk for generators. Increases in risk are inevital.ilv 
accompanied by increases in the cost of capital, as discussed earlier 
in this chapter. This in turn means that investors increasingly 
favour generation technologies with low capital costs, such as gas 
turbines, sometimes even despite increased operating costs. Wind 
energy, which is characterised by high caj.ital costs and minimal 
operating costs, is thus hurt by the shift to low capital-cost tech-
nologies. Wind power does have a compensating advantage of being 
small and modular /  however, allowing investments in small incre-
ments and thus reducing the magnitude of risks involved. 

Nuclear power, being both capital-intensive and large-scale, has 
perhaps been the greatest casualty of this increased risk aversion. 
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Few investors are willing to risk the billions of dollars needed to 
construct a nuclear power plant without guarantee.s of stable rev-
enues; and in fact even already-existing nuclear power plants in 
places like the UK and California have remained financially viable 
in their new competitive markets only as a result of price supports 
and special transitionaI' financing provisions. I arge-scale hydro-
electric power has had similar difficulties attracting financing for 
new projects because of its highly capital-intensive nature. 
Argentina, for example, which previously derived the bulk of its 
electricity from hydra PeC  has witnessed a dramatic shift to gas-
fired generation after the creation of its competitive market (Hasson 
et al., 1998). 

In spite of its rapidly improving economic viability, wind power is 
in general not yet able to compete head-on with conventional elec-
tricity generation, particularly given the low natural-gas lJrices 
which have prevailed during the 1990s.   Given the extreme difficulty 
of financing wind power projects in the absence of a guaranteed 
long-term revenue stream, the move away from loflg-terrri power 
purchase contracts presents a serious challenge for continued wind 
por devclopnicril. 1h is is particularly true for the non-recourse, 
proect-Ananced. IPP development mode; and wind power develop-
rnent may move increasingly towards a corporate-financed world 
supported by larger companies' strong balance sheets. However, the 
overall prognosis for wind power is by no means all bad. The follow-
ing sections describe a variety of considerations of conipetitive 
markets and the opportunities as well as challenges they entail for 
future wind power development. 

Common purchasing agency vs. wholesale or retail competition 

The first issue which requires clarification is regarding the nature of 
competition in the electricity industry. Power sector reform and the 
introduction of competition means very different things in different 
countries. Hunt and Shuttleworth (1996) describe four models of 
electric industry structure, alluded to earlier: (1) Monopoly, (2) 
Purchasing Agency, (3) Wholesale Competition, and (4) Retail 
Competition. The trend in developed countries is towards either 
Model 3 or Model 4, with generators and marketers competing to 
sell power directly to either wholesale or retail customers, either 
through bilateral contracts or through a power pool. in developing 
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countries and emerging economies, however, the picture is typically 
ouite different. 

Turkson (2000), for example, carried out a detailed study of power 
sector reforms in sub-Saharari Africa which revealed that, while 
many sub-Saharan African countries are in the process of restructur-
ing their electricity markets, the currently envisaged nature of com-
petition is almost exclusively of the Model 2 Purchasing Agency 
model in which ll'Ps vie for long-term power purchase contracts 
with the otherwise monopoly utility. Only in one sub-Saharan 
country, Ghana, are there current plans to move ljeyorid the 
Purchasing Agency model to the Wholesale Competition model. 

In Asia, the picture is no different. Independent power generation 
is well-established throughout East, South-east, and South Asia, all 
of whom underwent a major private power boom in the 1990s. In 
spite of this em phasis on increased privatisation and competition 
throughout the region, competition has exclusively entailed the use 
of the Purchasing Agency model. Wholesale or retail competition 
are, at most, still on the distant horizon throughout Asia. Of the 
world's developing regions, only in Latin America has there been 
significant movement beyond the Purchasing Agency mode, led by 
Chile and Argentina who have been amongst the world's pioneers 
of electricity market restructuring. 

With the exception of a few countries, therefore, competition 
throughout the developing world is unlikely to move beyond the 
Purchasing Agency model within the next decade. India and China, 
perhaps the two developing countries with the most ambitious wind 
energy plans, also show no sigils of dismantling their existing 
monopoly structure beyond encouraging IPP development. This 
Purchasing Agency model, encouraging Ill's to sell power to the other-
wise monopoly utility, is precisely the model under which wind 
power development first began to flourish in developed countries. 
Because the Purchasing Agency model involves continued planned 
generation expansion in a centralised, systematic way, interested reg-
ulators and governments can readily stimulate wind energy develop-
ment through the consideration of non-price factors (environmental 
externalities, fuel diversity and Sc) on) in the system-plan fling process 
and through the creation of stable power purchase regulations. 
Therefore, the advent of competition, independent power develop-
ment, and the break on utilities' generation monopoly is likely to 
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provide a boon to wind power development in developing countries 
who follow the Purchasing Agency competition model. 

In developed countries, the move to wholesale and retail competi-
tion entails further complexities for wind J)Ower. With the eli mina-
boil of the centraliseil generation-planning process, competition 
amongst generators tends to move towards one based exclusively on 
price, in which wind energy cannot readily compete at this time. 
Perhaps more importantly, any mandates by regulators for utilities 
to purchase above-market priced wind (or other) energy could force 
an increase in utility tariffs and hence harm the utilities' competi-
tiveness against other power sellers. Utilities competing for whole-
sale and retail customers are therefore likely to actively resist power 
purchase mandates for wind power which they may have previousl 
accepted under the Purchasing Agency competition model. Some 
policy makers may also have philosophical oblections to special 
treatment for any energy source through mandatory power pur-
chase contracts, arguing that the point of open competition is pre-
cisely to eliminate such market distortions. 

Renewables market set-asides 
Vet, countries moving to wholesale and retail competItion do con-
tinue to find reasons to support renewable energy and have devel-
oped support mechanisms which are compatible with the 
competitive market. The most well-known such mechanism is the 
Non Fossil Fuel Obligation (NFFO) of the UK, which sets aside a 
certain portion of the electricity market to be filled by renewable 
energy, including wind (see Chapter 7 for details). The Nl-FO allo-
cates long-term llovcr purchase contracts to renewable generators 
based on a competitive bidding process, thus maintaining the disci-
pline of market forces while sheltering renewables from the full 
brunt of open competition against conventional fuels. Importantly. 
the NFFO pays renewable generators the Premium between their 
contract price and the open-market price out of a special levy 
charged to all electricity consumers, thus eliminating any competi-
tive disadvantage for those utilities purchasing the renewable energy. 

Similarly, the California electricity market provides special funds 
to support renewable energy using a competitive framework and 
based on a non-bypassable 'system benefits charge' levied on all 
electricity users. Other mechanisms to support renewable energy 
within a competitive framework include the Netherlands' Green 
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Labe]s programme and the siniilai proposed Renewables Portfolio 
Standard in the USA, both of which involve use of tradable renew-
able energy credits and place a requirement upon all retail electricity 
suppliers to purchase a certain proportion of their electricity from 
renewable generators (see Chapter 7). 

Thus, wholesale and retail competition do not preclude the use of 
special support mechanisms for renewable energy, including wind. 
The key to such mechanisms is that they should affect all market 
players equally so as not to create any unfair competitive advan-
tages. Furthermore, the long-term goal of any such renewables 
support mechanism in the competitive market most be to eventu-
ally phase out the need for such special support and to bring about 
viable open competition amongst all technologies. Two primary 
conditions are required for this to happen. First, the market must 
move towards reflecting the full benefits of renewable energy not 
currently reflected in the market price, including the value of envir-
onmental benefits. Secondly, the support mechanism must encour-
age steady and sustained cost reduction amongst renewable energy 
technologies. Issues regarding the environment and competition on 
the open market are discussed further below. 

F. nvironmen t 
Wind energy provides significant environmental benefits compared 
to conventional electricity sources, including reduced local air p01-
lution and reduced emissions of gases contributing to global climate 
change. Wind energy can also entail certain environmental disad-
vantages such as greater visual intrussion or accidental avian deaths. 
In most countries, neither these advantages nor disadvantages are 
reflected in the price of electricity. As discussed in Chapter 6, the 
balance of evidence strongly suggests that wind energYs environ-
mental benefits far outweigh its damages. Thus, lack of reflection of 
environmental impacts in electricity prices means that wind energy 
is undervalued in the power market. 

Within the centralised generation-planning mode of utility 
monopolies and Purchasing Agency-based competition, energy reg-
ulators have sometimes tried to address this market failure by pro-
viding wind energy and other renewables with certain credits or 
subjective high point scores. When the generation planning func-
tion is eliminated in a fully competitive market, however, such 
adj ustments become inapplicable. In such a case, the failure of 
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market prices to reflect environmental impacts becomes untenable 
and provides a severe competitive disadvantage to wind energy and 
all other non-polluting renewable energy technologies. As long as 
such externalities are not properly reflected in market prices, special 
support mechanisms for renewable energy will continue to he 
justified. 

The great unknown in the debate over environmental externali-
ties however, is the issue of global warming. Wind energy's lack of 
greenhouse gas (GHG) emissions, responsible for global warming, 
may well represent its greatest environmental advantage over fossil 
fuels. Yet, the near impossibility of accurately quantifying the 
damage costs of global climate change means that no accurate and 
widely acceptable estimates exist of wind energy's environmental 
benefits. This lack of agreed-upon values is perhaps the greatest 
obstacle to getting market electricity prices to more fully reflect 
environmental impacts. 

However, the United Nations Framework Convention on Climate 
Change and its subsequent 1997 Kyoto Protocol do provide an End!-
cation of a way forward. The Kyoto Protocol commits industrialised 
'Aiinex One' countries, for the first time ever, to bin1irig reductions 
in greenhouse gas emissions (UiN, 1997). Though the Protocol is 
itself highly contentious and its eventual entry into force still in 
doubt as of early 1999, the political climate-change negotiation 
process is nevertheless moving inexorably in the direction of 
binding emission reductions. Once such binding reductions conic 
into effect, this will automatically create a defacto market reflecting 
participants' willingness to pay for prolects  which achieve GITG 
emission reductions, and hence placing a monetary value on CO, 
abatement. Thus, even in the absence of broadly accepted climate 
change externality values, wind energy projects could well begin 
receiving actual payments in some form for GFIG reductions within 
the next five to ten years. Such GIIG reduction payments could 
potentially provide a significant boost to wind energy's financial 
viability. 

Competing on the open market 

Looking beyond the next decade or so, separate markets specially 
reserved for renewahles, such as the UK's NFFO, may not be politi- 
cally sustainable over the long run. Eventually, wind and all other 
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forms of renewable energy will probably have to compete against 
conventional energy technologies in an open, deregulated genera-
tion market. thus, continued cost reductions will be necessary for 
any renewable energy technology to survive over the long term. 
Chapter 4 demonstrates that wind energy is indeed becoming 
increasingly economically viable, even in the absence of considera-
tion of environmental benefits. Yet, what is the prognosis for wind 
energy truly competing against conventional technologies? 

Some of the most promising news to date in this regard was high-
lighted in Chapter 4 regarding the 1998 integrated resource-
planning process of Northern States Power in Minnesota, USA, 
where wind energy was found to be the least-cost generation option, 
with expected lifetime costs potentially even lower than those for 
combined cycle natural gas generation. 

Other promismg news comes from Ireland and the results of its 
Alternative Energy Requirement (AER ii) bidding process. The lowest 
hid price received for a wind energy project was 2.21 Irish pence 
per kwh, or approximately 0.028 [CU/kWh or 0.031 US$/kWh, for a 
15-year 1srer purchase contract. The contract would commence 
within 1999, and the power purchase price would escalate over 
time in line with a price index (O'Gallachoir, 1998). 1 he project 
would receive a grant of ECu 80 000 per M'vV installed (approx-
imately 90 USS/kW) and possibly some Irish tax credits as well; 
and even then some observers believe this bid price to be too low 
to be viable (Windpower Monthly, I 998h). Nevertheless, a bid 
price of 0.031 US$/kWh is perhaps the lowest price for wind 
energy vet seen anywhere in the world and reflects a price level 
fully competitive with that of coal, gas and nuclear electricity see 
Chapter 4). 

while the low price of the Irish AER iii does reflect the ECU 
80 000 per MW capital subsidy, this subsidy is fairly modest, repre-
sentirig less than one-tenth of the project's total capital cost. 
Furthermore, it must be kept in mind that all energy industries 
(coal, gas, nuclear and so on) have been and continue to he major 
recipients of government subsidies.. In the USA, for example, the US 
Energy Information Administration calculated that the coal, natural 
gas and nuclear energy industries each received subsidies of between 
US$90() million and 1.15 billion in 1992, while renewable energy 
received somewhat less (EJA, 1992). 
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While the irish APR in results do not necessarily indicate wind 
energy being fully competitive with conventional power, they do 
nonetheless provide further evidence that the day of wind energy 
successfully competing head-on in the open market is approaching 
and could happen within the next ten years in areas with favourable 
wind conditions. On the other hand, overly rapid price reductions 
are not necessarily a good sign for the long-term health of the wind 
industry. Wind turbine manufacturers must be able to earn profits if 
they are to continue to invest in developing new technology. The 
low Irish bid prices were therefore greeted with decidedly mixed 
reactions by the wind industry. 

It should also be noted that the low Irish price was achieved 
through a bidding process. While bidding schemes like the UK's 
NFFO have had their share of difficulties (see Chapter T) and have 
not always been cheap due to high up-front transaction costs, they 
have been generally successful at stimulating significant cost recluc-
tions. Continued cost improvements will he necessary to sustain the 
future growth of the wind energy industry, and support schemes 
need to provide appropriate incentives for Pis. 

Porward markets, spot markets and bilateral contracts 
Overall costs are only part of the picture however. Electricity gener -
ated during times of peak demand is much more valuable than that 
generated during times of low demand. In this regard, wind energy 
faces two drawbacks compared to technologies such as gas turbines. 
First, wind energy is not dispatchable; it is available only when the 
wind is blowing. Thus, payments received by wind energy genera-
tors may be low if wind avai lability does not coincide with times of 
high demand. Secondly, and perhaps more imporlantiv, the lack of 
dispatchability could complicate wind generators' ability to func-
tion in the forward and spot markets characteristic of competitive 
generation systems. 

1 he question addressed in this section is therefore as follows. 
Asswning that wind energy becomes fully competitive on a total-cost 
basis with conventional technologies, will wind energy's intermit-
tent nature hamper its viability in the generation markets which 
prevail under wholesale and retail competition? 

To address this, it is necessary first to provide some background 
on the functioning of competitive generation markets. With whole-
sale and retail competition, electricity generators can sell their 
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output through two broad types of sales: bilateral contracts, and 
short-term forward and spot power sales. Bilateral contracts are 
negotiated directly between a buyer and seller and can be of any 
duration: weeks, months or years. They are normally of a longer-
term nature and provide stability to both the seller and purchaser in 
terms of quantity and price. Forward and spot markets arc short-
term markets which typically operate on an auction system similar 
to a stock exchange. Forward markets normally operate on a week-
ahead, day-ahead or hour-ahead basis, while spot markets 1rvide 
instantaneous matching of supply and demand. The short-term 
markets serve two critical functions. First, they establish a transpar-
ent market' price for electricity at any given time. Secondly, the 
spot market compensates for any imbalances between the level of 
sales contracted for in bilateral and forward contracts and the level 
of electricity actually consumed. 

Some confusion appears to exist between the definition of forward 
markets and spot markets. Some observers choose to characterise 
short-term forward markets (day-ahead and hour-ahead) as spot 
markets. In such a case, the spot market price' would typically refer 
to the day-ahead market clearing price. For the sake of this discus-
sion, we generally classify day-ahead and hour-ahead markets as 
forward markets and refer to spot markets primarily in terms of 
instantaneou' matching of supply and demand at the time of dcliv-
cry. Nevertheless, the terms are used somewhat interchangeably, 
and we refer to the short-term forward market and the spot market 
collectively as 'short-term markets. 

Bilateral coot racts are negotiated directly between the generator 
and a purchaser (an electricity wholesaler or retailer). This purchaser 
would normally purchase electricity from a variety of generators 
who have different operational and cost characteristics .A pur -
chaser's contract with a wind energy generator would therefore he 
only one of many contracts signed with different generation 
sources. Because wind is an intermittent resource which cannot be 
accurately predicted far in advance, a long-term contract with a 
wind generator would not be useful for the purchaser to lock in any 
firm quantity of electricity at any particular time. If the wind is not 
blowing at the given time, the purchaser would have to make up for 
the lack of wind electricity by either purchasing power from another 
dispatchable generatr (such as hydro or a gas turbine) through 
another bilateral contract, or more likely by purchasing from the 
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short-term forward or spot market. This need to rely on the short-
term markets makes wind J)ower relatively unattractive for long-
term contracts. The purchaser would be likely to demand it power 
purchase price well below the average spot market price at the time 
of wind availabilIty. the wind generator, on the other hand, should 
be able to sell its power on the spot market for around the spot 
market price and would therefore have little incentive to sign such a 
low-priced contract. 

This does riot mean that wind power is entire]y unsuited to long-
term bilateral contracts, however. First, it wind generator could team 
with a dispatchable higher-cost generator to provide firm power at 
all times. The dispatchable generator could he used to make UI) for 
any shortfall in output from the wind generator. 

Secondly and more importantly, however, purchasers may he 
interested in signing long-term contracts with wind generators not 
so much to lock in a particular quantity of energy at a particular 
price, but rather to lock in CO. emission reduction credits at a par-
ticular price. As mentioned earlier, the UN Framework Convention 
on Climate Change process is moving towards mandatory CO 2  
emission reductions, which will iiicvitablv lead to a market for 
CO, credits. In fact, the Green labels programme in the 
\etherlands, which requires all Dutch utilities to purchase a 
certain quantity of greeni labels' generated through renewable 
electricity (see Chapter 7), is already such a market. Under this 

rograniirne, Dutch utilities are signing contracts with renewable 
generators to lock in what are essentially CO2 emission reduction 
credits. As more countries begin implementing mandatory CO2 
reduction programmes, this CO, credit market could well become 
the leading force for stimulating long-term bilateral energy con-
tracts for wind generators. 

Short-term forward and spot markets are organised through a 
power exchange which matches bids to buy and sell l)osver. Detailed 
operation differs between countries, but the basic operation can he 
described as follows. The forward and spot markets and the power 
pool through which they operate provide two related but distinct 
functions: (I) determination of which power plants to dispatch at 
any given time, and (2) determination of the market price for short-
term power sales and purchases at any given time. These two func-
tions may he carried out by one or by separate entities. In the 
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England and Wales Power Pool, for example, dispatch decisions as 
well as establishment of pool prices and settlement of contract 
imbalances (between kWh contracted for delivery and kvVh actually 
consumed) are all carried oLit by the National Grid Company 
(NGC). In California, plant scheduling and dispatch are carried out 
by the California Independent System Operator, while the short-
term trading function and establishment of the market clearing 
price are handled by the California Power Exchange. Tn any event, 
the operations of the dispatching entity and the power exchange 
entity are closely co-ordiiiated and, for illustrative purposes, are 
lumped together as functions of the 'market operator' (hunt and 
Shuttleworth, 1996) in this discussion. 

The market operator operates week-ahead, day-ahead or hour-
ahead forward markets in which generators submit bids a week, day 
or hour in advance, offering to provide a given quantity of genera-
tion at a given price during a particular hour. The market operator 
ranks the bids for each hour in ascending order of price. Based on 
the estimated total electricity demand in each hour, the market 
operator determines which power plants to dispatch in each hour. 
The bid price of the most expensive generator to he dispatched 
becomes the market clearing price or pool price paid to all genera-
tors dispatched in that hour. Hunt and Shutticworth (1996) provide 
a useful narrative description of the functioning of the England and 
Wales Electricity Pool: 

1 A day in advance of trading, generators submit data on the 
forecast availability of generating sets ('gensets') and the offer 
price at which they are prepared to generate. The National 
Grid Company (NGC) prepares a detailed demand forecast for 
each half-hour of the coming day. 

2 A computer program is used to produce an 'Unconstrained 
Schedule', or 'U-Schedule'. This is a plan of generation which 
meets forecast demand at least cost On terms of offer prices), 
ignoring any transmission constraints. 

3 For any half-hour, the offer price of the marginal (most expen-
SiVe) genset operating in the U-Schedule determines the 
'System Marginal Price' (SMP). The Pool Purchase Price (PPP) is 
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equal to the SNIP augmented by an element related to the 
expected degree of capacity surplus on the system. 

4 Any genset capacity offered but not needed in the U-Schedule 
is awarded an availability bonus, which is also related to the 
expected degree of capacity surplus on the system. 

5 On the day, NGC issues instructions to gensets as to when and 
how much to generate. 

6 Where NGC instructs a generator to deviate from the level of 
U-Schedule output, the change in output is bought or sold by 
the pool at each genset's own offer price. Failure to meet 
instructions, or to he available as declared the previous day, is 
pena Ii sed. 

7 After all of these transactions have been completed, the price 
to consumers (Pool Selling Price or PSI') is calculated as the 
sum of net payments to generators divided by the total 
amount actually generated. 

.S,c: 1-lunt and Shu I lcwoiitli 1996 ) , Comperitiopi ant (:hoi in Hi f,, i[s. 1(8-9. 
(opvrighl John Wiley t Sons, reproduced with perInision 

Figure 5.1 provides a similar but simpler graphical illustration of 
the operation of the Nord Pool Nordic short-term market. In the 
Nord Pool market, electricity suppliers and purchasers each supply 
bids for the quantity and price of electricity they would like to sell 
or buy at a particular time. The bids are arranged in order of price to 
Create supply and demand curves....he demand curve can be seen to 
be very inelastic, with demand increasing only slightly as prices fall. 
The supply curve, on the other hand, is composed of many different 
power plants demanding a wide range of prices. Those power plants 
with the lowest short-run operating costs (hydro and wind, whose 
operating Costs are essentially zero) compose the lowest bids, while 
the higher bids of the CHP (combined heat and power) amid con-
densing fossil-fuel plants reflect their higher short-run (primarily 
fuel) costs. The market clearing price is set at the point of intersec-
tion between the supply and demand curves, or approximately 
19 Norwegian ore per kWh (around 0.025 US/kWh) in the case of 
Figure 5.1. 



Finance, Competition and Power Markets 135 

Figure 5.1 Supply and demand curves for the Nordic electricity System 
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How does wind power perform in such markets? This depends to 
a large degree on the accuracy with which wind availability can be 
predicted on a day-ahead or hour-ahead basis. Because power must 
be hid into the short-term market in advance, accurate prediction of 
wind plants' output is essential for submitting viable bids. 

Wind prediction techniques have improved significantly (see 
Chapter 3) and are now capable of forecasting wind power output 
up to 36 hours in advance with an accuracy of around +1— 20 per 
cent. In other words, if the day-ahead predicted wind power output 
is, say, 100 MWh in a particular hour, the actual power generated 
during that hour will reliably be between 80 and 120 MWh. This 
level of accuracy should generally he sufficient to allow wind gener-
ators to hid power into the day-ahead market. Nonetheless, this 
variability is significantly greater than the typical day-ahead output 
variability of a fossil fuel-based plant. As a result, the viability of 
wind power in day-ahead markets is highly dependent on the 
degree of penalties charged by the market operator to generators 
who are unable to meet their bid-in electricity commitments. Thus, 
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even when wind power becomes fully competitive on an overall 
cost basis, wind power's viability within short-term forward and 
spot markets will he dependent on the particular market rules in 
place. If generators are charged a significant penalty for delivering 
less electricity than they promise, or if they are paid a very low rate 
for surplus electricity delivered in excess of their hid, then wind 
power will be harmed. 

The US natural gas market, for example, does charge heavy penal-
ties to those suppliers who commit to deliveries which they are sub-
sequently unable to deliver. This works well in the gas market 
because its relatively slow-moving nature allows gas traders to 
balance their supply and demand bids amongst themselves and thus 
avoid imbalances within the spot market. However, Hunt and 
Shuttleworth (1996) argue that the instantaneous nature of electric-
ity markets makes such arrangements impractical for electricity. Stiff 
penalties, they claim, reduce economic efficiency by stimulating 
excessive hid adjustments by traders and by discouraging generators 
from allowing any flexibility in their dispatch, thus making the dis-
patcher's job exceedingly difficult. Imbalances in electricity markets 
between bid quantities and actually delivered quantities, they argue, 
are best handled by market structures specifically designed to handle 
such inevitable imbalances. 

The Nord Pool power market in Scandinavia, for example, eschews 
penalties and relies on a market-based balancing mechanism. In 
addition to short-term forward markets, the Nord Pool system Oper-
ates a market for regulerkraft or 'regulation power' in Norway. This 
regulation market is a market for handling imbalances between the 
quantities of generation bid, the quantities of consumption hid, and 
the actual realised generation and consumption. If a purchaser con-
sumes more electricity than it has contracted for, its extra consump-
tion is provided for by this regulation market. Similarly, if a 
generator delivers more or less electricity than its bid quantity, this 
surplus or deficit is also absorbed by the regulation market. 

The cost of regulation power is related to the pool or spot price and 
the amount of regulation power required. The price of up-regulation 
power (to request other generators to produce more to make up for 
one's own under-production) is normally greater than the spot price 
itself, while the price of down-regulation power (selling one's excess 
power on the spot market while requesting other generators to back 
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down) is less than the spot price. In other words, a generator bidding 
into the forward market will lose nionev by either over-generating or 
under-generating compared to its bid quantity. The generator thus 
faces incentives to generate exactly as much electricity as it has bid. 

The operation of the regulation market can best he illustrated 
through an example. Suppose the poo' price has been established at 
S20/MWh for a particular hour, while the price of up-regulation has 
been established at $25/MWh; and the price of down-regulation is 
.$ I 7/MWh. A wind energy generator has bid to supply 10 MWh during 
that particular hour. If the wind generator produces exactly 10 MWh 
as it has bid, then it would receive 520/MWh 10 MWh = $200. 

Suppose, howevcr, that lower-than-predicted wind speeds mean 
that the wind generator is only able to deliver 9 MWI1. It must then 
purchase 1 MWh at the 525/MWh up-regulation price to meet its 10 
MWh commitment. Thus, the wind generator receives S20/MWh 
10 MWh = $200 from the 1)001  but pays out S25/MWh I MWh = 
$25, resulting in a net receipt of S175 for 9 MWh of power, or 
$19.44/MWh. Had the wind generator known from the start that it 
would only be able to produce 9 MWh and hid accordingly, it 
would have received $20/MWh 9 MWh = $180. Thus, the genera-
tor loses $5 for having over-hid its delivery by 1 MWh. Note, 
however, that the poo1 still pays only $20/MWh 10 MWh = $200 
for the 10 MWh of power. The extra S5 cost of having to resort to 
up-regulation power is absorbed entirely by the wind generator. 

Similarly, suppose that higher-than-predicted wind speeds mean 
that the wind generator produces 11 MWh instead of 10. For the first 
10 MWh, the wind generator receives $20/MWh 10 MWh = $200. 
Regarding the extra 1 MWh, the down-regulation market's desig-
riated generator receives $20 from the pool for this MWh but does 
not generate. Instead, the down-regulation generator meets its own 
generation commitment to the pool by purchasing the wind genera-
tor's extra I MWh for the down-regulation price of $17. Thus, the 
wind generator receives a total of $217 for 11 MWh of production, or 
$19.72/MWh. Had the wind generator correctly bid to produce 11 
MWh in the first place, it would have received $220. The wind gener-
ator thus loses $3 by under-bidding by I MWh. This $3 goes to the 
generator in the down-regulation market, for whom the $3 repre-
sents pure profit. Again, the pool itself continues to pay $20/MWh 
and is unaffected by the transaction in the regulation market. 
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Figure 5.2 Illustrative price of regulating power on the Nord Pool market 
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Skytte (1999) analysed the cost of up-regulation and down-regula-
tion in the Nord Pool market. As represented graphically in Figure 5.2, 
Skytte found that the price of regulating power is a factor of the spot 
price, a readiness premium and the amount of regulation required. 

Given a hypothetical spot price of 100, the readiness premium for 
up-regulation might raise the minimum price for up-regulating 
power to 116, for example. This readiness premium essentially rep-
resents the option value of a unit of reserve capacity. The price of 
up-regulation then increases in direct relation to the amount of up-
regulation required. Thus, given the Figure 5.2 spot-market price of 
100, purchasing 1 kWh of up-regu'ating power might cost only 
116 per kWh, but purchasing 50 MWh of up-regulating power 
might cost significantly more per kWh. Similarly for down-regula-
tion, the readiness premium would set a maximum price for down-
regulating power, and this price would decrease in direct proportion 
to the amount of down-regulating power required. 
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Skytte identified several other characteristics of the Nord Pool 
system's regulating power market. First, the magnitude of the readi-
ness premium for up- and down-regulation depends on the magnC 
tude of the spot market price. When the spot price is low, the 
readiness premium for up-regulation is higher than the readiness 
premium for down-regulation. However, when the spot price is 
high, the opposite holds true; the readiness premium for down-reg -
ulation is higher than the premium for up-regulation. Secondly, 
Skytte found that the up-regulation price curve has a steeper slope 
than the down-regulation price curve. In other words, the total 
amount of regulating power required has a greater influence on the 
up-regulating price than on the down-regulating price. 9  

These results are based on the existing Nord Pool market configura-
tion and are not necessarily transferable to other markets. 
Nevertheless, the results indicate that wind generators can develop an 
optimum bidding strategy based on the level of the anticipated spot 
price, the variability of wind conditions, and the magnitude of inter-
mittent resources in the market. If wind variability is high or wind 
prediction accuracy is poor, the amount of required regulation power 
is likely to be high, which in turn is likely to have a greater impact on 
the price of up-regulation than on down-regulation in the Nord Pool. 
Thus, with high wind-resource variability, it is more advantageous for 
wind generators to under-bid their kWh commitment in the spot 
market and hence increase their likelihood of requiring down-regula-
tion rather than up-regulation. The same holds true when the time 
span between the submission of bids and actual delivery increases, as 
well as when the total amount of wind generation on the market 
increases. It should be possible to develop similar types of optimum 
bidding strategies for other non-Nordic markets as well. 

Most importantly, the study shows that wind generators in the 
Nord Pool market can manage their resource variability risks through 
use of the regulation market and a careful bidding strategy. Nielsen 
and Morthorst (1998) found that wind power's average marginal cost 
of regulation power at the time of regulation is approximately 
0.03-0.04 DKK/kWh (approximately 0.0045-0.006 US$/kWh). The 
overall cost of regulation power averaged over a wind generator's total 
production is approximately 0.01-0.02 DKK/kWh (approximately 
0.0015-0.003 US/kWh) using today's most advanced wind predic-
tion techniques. While these are not insignificant sums, nor are they 
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crippling, representing well under 10 per cent wind energy's genera-
tion Cost. 

In conclusion, the iniprovement in 24-36 hour-ahead wind predic-
tion techniques, combined with the emergence of short-term forward 
and spot markets, provide a significant boost to wind energy's Compet-
itive potential in the generation market. If wind energy becomes cost-
competitive with conventional power on a total cost basis, then its 
intermittent nature should not cause serious problems for its viability 
in the short-term competitive generation market. However, wind 
power's intermittence does make it less conducive to long-term bilat-
eral contracts, making it more difficult for wind generators to lock in a 
long-term fixed price for its power. This heavy reliance by wind power 
on unpredictable short-term markets in lieu of more stable long-term 
contracts could raise financing challenges. On the other hand, an 
emerging market for (O2  emission reduction credits could provide the 
necessary impetus for long-term bilateral contracts as well. 

Furthermore, the above conclusion about wind power's viability 
in short-term markets assumes that market operation rules do not 
impose heavy penalties for imbalances between bid quantities and 
actually delivered quantities. Markets which do impose severe 
penalties would greatly impair wind and other intermittent 
resources' ability to compete. However, as discussed earlier, the 
instantaneous nature of electricity systems makes Severe penalties 
unconducive to overall economic efficiency for reasons unrelated to 
wind energy. The overall efficiency of the system, as well as the via-
bility of wind energy, is enhanced by using a market-based system 
for addressing imbalances, rather than a penalty system. 

Other developments also help wind energy's ability to operate in 
the short-term generation markets. First, electricity markets are 
becoming increasingly integrated around the world, whether in 
Europe through the EU liberalisation agenda, in Africa throtigh the 
Southern African Development C:onimunitv, or in South America's 
Mercosur market. These larger markets, with their greater resource 
diversity and significant presence of highly flexible hydro power, 
further increase the capacity of the power markets to absorb fluctu-
ating resources like wind. Secondly, the continuing development of 
options markets and other risk management techniques means that 
electricity markets are becoming ever more flexible. With this 
increased flexibility, the markets' ability to handle intermittent 
resources should again improve. The issues of dispatchahility and 
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resource variability are thus likely to decline in importance as com-
petitive generation markets further develop. 

rransinissioi issues 
The discussion on wind energys prospects in competitive markets 
has so far ignored the issue of transmission. However, for competing 
generators, access and pricing for transmission services is a crucial 
issue. This section provides a brief discussion of transmission pricing 
in competitive generation markets and its effect on wind energy. 

in a competitive market, generators should he charged for trans-
mission services based directly on the actual demands which they 
place on the transmission system. The impact of such transmission 
pricing on wind energy depends on the specific type of wind power 
facility in question. Wind energy advocates often tout the inherent 
benefits of its dispersed nature which may allow wind turbines to be 
placed near local load centres. Such benefits are particularly 
significant in remote communities poorly served by high-voltage 
transmission networks, where local distributed resources like wind 
energy could potentially eliminate the need for expensive trariSmflis-
sion facilities altogether. Even in less remote fully grid-connected 
communities, dispersed wind turbines may still have advantages over 
more centralised conventional generators by feeding directly into the 
local distribution network and thus bypassing the long-distance 
transmission network. Thus, in a country like Denmark where wind 
turbines are scattered throughout the country, these turbines may 
incur much lower transmission costs when serving local loads than, 
say, importing hydro power from the distant mountains of Norway. 

It is generally more common, however, to install many wind 
turbines together in concentrated locations, or wind farms, rather than 
in widely dispersed individual sites. Wind farms typically offer several 
advantages compared to dispersed wind development, including 
economies of scale and the ability to make maximum use of wind 
resources concentrated in specific areas like mountain passes. With 
such farms, however, wind energy begins to take on the characteristics 
of larger-scale centralised generation sources which are located away 
from the load centres and require transmission facilities. In fact, the 
areas of greatest wind availability are often far away from population 
centres; and in this sense large wind farms may often most resemble 
large hydroelectric facilities, located in remote areas and needing even 
more extensive transmission than fossil-fuelled or nuclear power 
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plants. Many of the best wind resources in the USA and China, for 
example, are located in these countries' sparsely populated western 
regions, while many of Chile and Argentina's wind resources are in 
their similarly remote southern zones. 

Because transmission costs typically increase with distance, 
remote wind facilities are at a disadvantage compared to fossil fuel 
plants which have more locational flexibility. Kowever, the impact 
of distance on transmission costs depends to some degree on the 
type of transmission pricing system in place. With some pricing 
schemes like 'contract path' and 'megawatt-mile' pricing, transmis-
sion charges increase directly in-line with the distance covered in 
the transmission system. Contract-path pricing is based on the 
hypothetical transmission distance covered between the generator 
and its contracted customer, while megawatt-mile pricing uses load 
flow analysis to provide a more realistic determination of the actual 
transmission distance likely to be covered given the network 
configuration and loads on the system. In either case, however, a 
wind generator located far from load centres is likely to face corre-
spondingly higher transmission charges than a competing more 
conveniently-located fossil fuel-based plant. 

'Postage-stamp' pricing has been the most common transmission 
pricing scheme in the USA and is the most simple, charging a uniform 
fee per MW for use of the transmission system within a given zone, 
regardless of the distance required within that zone. Thus, a 10() MW 
generator located 1 kilometre from the load, and another 100 MW 
generator located 100 kilometres from the load would both pay an 
identical transmission fee as long as both generators were within the 
same transmission zone. However, if several zones must be crossed 
between the generator and the load centre, then the postage-stamp 
price must be paid for the beginning zone, the end zone and all zones 
in between. Thus with postage-stamp systems, up to a certain distance, 
transmission prices are unrelated to distance; but as distances increase 
and begin to cover more than one zone, prices begin increasing in a 
'lumpy' fashion in line with distance. 

Distance is not the only factor affecting transmission prices, 
however. Perhaps even more important, in terms of its impact on 
wind, is the method for pricing firm vs. non-firm transmission 
capacity. A firm transmission contract provides a generator with 
guaranteed access to the transmission system regardless of conges-
tion. Non-firm Contracts only provide space on the network on an 
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as-available basis; so in the event of transmission congestion, a gen-
erator with a nonfirm contract may be curtailed and thus unable to 
sell its power. Because transmission congestion is often (but not 
necessarily) correlated with times of peak demand and correspond-
ingLy high power prices, a generator who is curtailed at such times 
may risk losing substantial revenue. Firm transmission contracts 
must typically be signed far in advance, while non-firm contracts 
are available at shorter notice. 

The problem for intermittent generators like wind is that firm 
transmission contract charges are normally structured per MW of 
maximum capacity reserved, on a 'take-or-pay' basis. In other words, 
the generator must always pay for the full amount of capacity it 
reserves on the transmission system regardless of how much energy 
it actually transmits. Thus, if a 100 MW generator wants to he Sure 
of being able to transmit its full 100 MW of output at any given 
time, it would have to buy a firm transmission contract for 100 MW; 
and the generator would lose money any time it transmits less than 
the full 100 MW. As a result, intermittent resources like wind with 
low capacity factors are particularly disadvantaged by capacity-based 
take-or-pay contracts. To be guaranteed access to the transmission 
grid at all times, a 100 MW wind facility with a 20 per cent capacity 
factor would have to purchase 100 MW of firm transmission even if 
it only generates 20 MW on average. 

The impact of distance and take-or-pay capacity reservations can 
potentially have a dramatic impact on wind energy. For example, 
based on an assumed postage-stamp price of 24 USS /kW-yr (fairly 
typical for the USA) per zone, Stoft et al. (1997) calculate that a gen-
erator with a 100 per cent capacity factor and transmitting through 
only one zone would face a firm transmission cost of 0.27 US 
cents/kWh. In contrast, for a generator with a 20 per cent capacity 
factor and transmitting through three zones, the lirm transmission 
price would rise to a crippling 4.11 US cents/kWh. 

There are ways around the problem of take-or-pay firm contracts. 
The most obvious is to purchase non-firm transmission service. 
However, this involves certain complications. First, non-firm service 
would mean that the wind generator could he unable to access the 
transmission network during congested times, thus losing poten-
tially significant revenue. Secondly, non-firm service also requires 
advance reservation. Even for hourly non-firm contracts, reservation 
is often required a day in advance. Thus, wind generators would face 
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the same kind of risk as they face in the short-term generation 
markets, having to forecast their output a day in advance for any 
given hour. Because non-firm contracts are also take-or-pay, wind 
generators would continue to face the risk (albeit reduced) of over-
reserving transmission capacity and leaving a certain amount 
unused or under-reserving transmission capacity and not being able 
to sell the full generated amount. If significant penalties are 
imposed on generators for not delivering the exact quantity 
reserved, this would cause a further problem. A third issue is that 
reliance on non-firm transmission increases the level of uncertainty 
and hence risk facing the wind plant. As discussed earlier in this 
chapter, increases in risk result in an increased cost of capital or, 
potentially, the unavailability of finance altogether. 

The problem would be further reduced with the development of a 
robust secondary market for transmission rights. Such spot markets 
are beginning to develop in the USA, for example. If they allow 
trading sufficiently close to the time of actual use, then a wind gen-
erator with excess firm transmission contracts could re-sell some of 
its excess. With a strategic combination of firm, non-firm and 5cc-
ondary market contracts, a wind generator may be able to keep its 
transmission costs to a reasonable level. Nevertheless, intermittence 
would inevitably mean higher per-kwh transmission costs for a 
wind plant than a comparable fossil fuel plant. 

Different proposals have been put forward to ease the impacts of 
tran smission pricing on interni ittent generation technologies, i nclud-
ing allowing intermittent generators to use a pay-for-what-you-use' 
transmission tariff based on actual used capacity rather than reserved 
capacity (Ellison et al., 1997). Such tariff schemes could he accused of 
providing undue special treatment for renewables, however. 

Stoft et al. (1997) argue that the entire system of take-or-pay 
capacity-based reservations is in need of fundamental re-thinking. 
Their argument can he summarised as follows.. Transmission costs 
arise through two fundamental components: the fixed cost of build-
ing and maintaining the transmission network, and congestion 
charges arising during periods of high network use. Traditional 
capacity-based firm take-or-pay contracts address the issue of con-
gestion by limiting the amount of generation capacity with access to 
the transmission network at any given time. Because non-firm gen-
erators are curtailed first during times of congestion, generators with 
firm contracts are assured access to the grid at a fixed price regard- 
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less of congestion. In other words, generators who sign firm trans-
mission contracts are purchasing insurance against curtailment by 
pre-paving for the price of congestion. Thus, the cost of firm capac-
ity reservation should equal the total expected costs arising in the 
system as a result of congestion. 

The problem with the existing system, they claim, is that firm take-
or-pay capacity reservations are also being used to pay for the fixed 
cost of building arid maintaining the transmission system, which typi-
cally account for 80-90+ per cent of total transmission costs. Stoft et 
al., argue that this is economically inefficient and that congestion 
charges should he separated from fixed costs; the firm take-or-pay 
reservation should be an insurance charge which covers only the cost 
of congestion. The other 80-i- per cent fixed costs are better addressed 
through a network access charge, which can he charged on the basis of 
actual energy transmitted rather than capacity reserved. Ihis, they 
claim, w.uld send the correct economic signals to all network users 
and result in the least-cost generation mix on the transmission system, 
while neither favouring nor discriminating against intermittent 
resources. Thus, with Stoft et al.'s recommended pricing system, only 
10-20 per cent of transmission charges would be collected on a take-
or-pay capacity basis, drastically reducing the penalty paid by wind 
energy plants for their intermittent nature. 

In addition to transmission as discussed above, the electricity grid 
provides various other functions to maintain overall system stabil-
ity, commonly known as ancillary services'. The US Federal Energy 
Regulatory Commission (FERC) defines ancillary services as includ-
ing the following six categories: (1) scheduling, system control and 
dispatch service (2) reactive supply and voltage control from gener-
ation sources service; (3) regulation and frequency response service; 
(4) energy imbalance service; (5) operating reserve - spinning 
reserve service; and (6) operating reserve - supplemental reserve 
service (Ellison et al., 1997). 

With the development of competitive markets, these ancillary ser-
vices are also being unbundled from transmission prices, and gener-
ators are beginning to have to pay for these services separately based 
on the level of ancillary services they require. Here also, wind power 
plants may he disadvantaged owing to their intermittent nature. In 
particular, wind plants could potentially require higher levels of reg-
ulationi and frequency response service, energy imbalance service, 
spinning reserve service, and supplemental reserve service (Wind 
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Energy Weekly, 1997). The degree of ancillary services required will 
vary to some degree based on the wind technology in question. For 
example, stall-and-pitch regulated wind turbines would require reac-
tive power, while variable-speed turbines would he capable of pro-
viding reactive power. On the other hand, stall-and-pitch regulated 
turbines would likely be better at providing frequency control than 
variable-speed turbines (Windpower Monthly, I 998c). Furthermore, 
the degree of ancillary services required would also depend on the 
particular rules in any given market. Ellison et al. (1997), for 
example, suggest that wind turbines should not be required to 
secure as much spinning reserve as fossil fuel plants because the 
aggregation of multiple turbines in a wind farm means that the risk 
of a wind farm going off-line is smaller than for a conventional 
plant of similar capacity operating on only one gas turbine or boiler. 

Overall, pricing for transmission and ancillary services has the 
potential to create sizeable competitive disadvantages for wind 
energy, though many of the impacts can be mitigated. It is impor-
tant that wind generators do not overlook these issues and also that 
regulators do not institute rules which unduly harm the prospects 
for intermittent resources viability. 

Green marketing 
The final issue examined in this chapter regarding the potential viabil-
ity of wind energy in competitive power markets is that of green mar-
keting. Green marketing is based on the premise that some customers 
will voluntarily pay extra to purchase electricity generated by renew-
able 'greene technologies. The environmental attributes of renewable 
energy are thus considered a value-added service which commands a 
price premium in the market place. In this sense, renewable energy is 
treated no differently than designer-label clothing, for example )  for 
which people choose to pay extra even though the designer product is 
no more functionally useful than the less expensive non-designer 
product. Green marketing is thus a true market-based concept for 
environmental protection, in which people pay according to their own 
perception of the inherent value of clean power. 

Because electricity markets involve the sale of a commodity product 
in which one electron is indistinguishable from another )  electricity 
retailers in competitive markets must identify a strategy to differenti-
ate themselves from rivals. Price is perhaps the primary differentiating 
factor between competing sellers )  but environmental cleanliness can 
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he a powerful marketing tool as well. Particularly in developed coun-
tries where electricity bills are a minor component of households' 
monthly expenditures, customers may well be willing to spend 
slightly more to purchase power from a provider whom they feel is 
more environmentally responsible. With wind energy being only 
slightly more expensive than fossil fuel-based electricity, there may be 
significant potential for wind to tap into this green market. 

Flow large is this potential market? A large number of survey 
results in the USA indicate that between 40 and 70 per cent of 
respondents express a willingness to pay a premium in their electric-
ity price for environmental protection or renewable energy (Farhar 
and Houston, 1996). Yet, actual US green marketing programmes 
implemented to date typically indicate a participation rate of below 
2 per cent. The true potential of the green market is therefore very 
difficult to gauge. Most green marketing programmes are no more 
than two or three years old, and the diffusion rate of such pro-
grammes tends to be quite slow. Thus, over the next ten years, the 
size of green markets is likely to grow considerably compared to 
their current size. Nevertheless, it is widely acknowledged that 
survey responses significantly overstate consumers' true willingness 
to pay for renewable electricity. Rader and Short (1998), for 
example, suggest that the green market may never amount to more 
than a few per cent of the total electricity market. 

Green marketing presents an array of both philosophical and 
practical sticking-points. From a philosophical perspective, critics of 
green marketing argue that it is not correct to ask a small percentage 
of the population to voluntarily pay a high price for renewable 
energy, since the benefits of their generosity will accrue to society at 
large. This is a classic 'free rider' problem. Individuals have an 
incentive to encourage others to participate but to avoid participat-
ing themselves. Considering that the environmental benefits of 
renewable energy accrue to all, it may be both more just and more 
effective to have all customers pay for renewable energy through a 
non-bypassable charge. 

From a practical perspective, there are a variety of challenges. First 
and foremost, a credible disclosure and certification system is neces-
sary to verify that marketers selling 'green' energy are truly generating 
with renewable resources. However, the challenges go deeper than 
this. Rader (1998), for example, has criticised California's green mar-
keting programme as being largely a fraud, even when the 'green' dcc- 
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tricity is in fact being generated by renewables. The reason for this 
claim is that most renewable e]ectricity being sold in the California 
green market in 1998 was purchased from out-of-state utilities who 
were already recovering the cost of this renewable electricity from their 
own ratepayers. In other words, much of the renewable electricity 
being sold for a premium in California would have been generated 
anyway in another state, regardless of whether any customers partici-
pated in California's green market. As such, Rader claims that the 
California green market is not contributing to any net increase in US 
renewable energy generation and is merely creating increased profits 
for niarketers. Others counter, however, that this is merely a transi-
tional issue as the green market gets established, and that new renew-
able energy facilities (including wind plants) are in fact being built 
specifically to service the California green market. 

The issues surrounding green marketing are therefore complex, 
and the long-term size and impact of the green market are unknown 
at this time. Nevertheless, it is a positive sign that there are several 
energy marketers for whom green energy constitutes their core strat-
egy for attracting residential, commercial and wholesale customers 
in California. Some of these programmes, such as Green Mountain 
Fnergy Resources' 'Wind For the Future' programme, specifically 
include new wind power development as part of their green market 
strategy. Over the long term, wind energy could benefit significantly 
from continued development of this competitive market to meet 
customers' desire for more environmentally benign electricity. 
Furthermore, California is by no means the only place with such pro-
grammes. Green marketing programmes are being tried throughout 
the USA as well as in the Netherlands, Australia and other countries. 
Green marketing programmes are discussed further in Chapter 7. 

Overall, wind energy continues to face financing challenges 
when compared to conventional power plants. These challenges 
may increase with the coming of competition in generation 
markets and the decreasing availability of long-term fixed-price 
power purchase contracts. On the other hand, the advent of short-
term forward markets, improved wind prediction techniques, 
potential CO credit markets and green markets may all prove to he 
beneficial for wind energy's long-term viability. It is critical that 
wind energy generators learn to understand and function within 
the intricacies of these new markets. 



6 
Environmental Considerations 

Electricity generation is one of the worlds most significant sources of 
air pollution. In the USA, for example, electricity generation accounted 
for 79 per cent of SO 2  emissions and 64 per cent of NO 2  emissions in 
1998 (USEPA, 1998) and 35 per cent of CO 2  emissions in 1994 (USFIA, 
1996). In addition, different electricity generation technologies can 
have a wide range of other environmental impacts including water 
pollution, radiation, flooding, visual intrusion and so on. 

To the extent that such environmental impacts are regulated and 
controlled, the cost of meeting the regulations is incorporated into 
the cost of generating electricity from each power plant. Thus, for 
example, if regulations require that emissions of SO 2  he reduced by 
90 per cent, the emissions control technologies necessary to achieve 
this are included in overall power plant costs and should be 
reflected by the price consumers pay for their electricity. However, 
the remaining 10 per cent of SO 2  produced would continue to be 
released to the environment and the cost of these remaining ernis-
sions would not be reflected in power prices but would instead be 
borne by the public at large, manifested as human health impacts, 
ecological damage and so on. 

Such damages whose costs are borne by the public rather than by 
the buyers and sellers of electricity themselves are known as 'exter-
nabties' in the economic literature. More formally, externalities are 
defined as 'the costs and benefits which arise when the social or eco-
nomic activities of one group of people have an impact on another 
and when the first group fail to fully account for their impacts' 
(ExternE, 1995). Chapter 5 explained that a proper economic 
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analysis of power generation options should incorporate environ-
mental externalities, since the costs of environmental damage are 
true resource costs borne by society. 

In practice, however, environmental externalities are often 
ignored in electricity generation analyses. There are various reasons 
for this including the fact that, historically, common resources such 
as air and water were considered free and therefore available to be 
used (that is, polluted) by anyone in whatever manner they chose. 
F'urthermore the harm done by pollution is generally diffuse and 
thus often invisible, causing significant cumulative harm to society 
but going largely unnoticed (and therefore unopposed) by individu-
als. Even today, when the importance of environmental protection 
is well recognised, externalities continue to be largely ignored, 
perhaps primarily due to the difficulty of ascertaining their true 
monetary value. The economic analysis of wind energy in Chapter 4 
also ignored environmental considerations and discussed the eco-
nornic costs of generation tech nolcgies purely in terms of their 
more readily identifiable monetary costs such as capital cost, opera-
tions and maintenance, fuel and so on. 

The propensity to ignore environ mental considerations in eco-
nomic analyses, as well as in financial analyses 1  creates an advan-
tage for highly polluting technologies at the expense of cleaner 
technologies. As wind energy is generally considered one of the 
most environmentally benign generation technologies, the failure 
to incorporate environmental factors in economic and financial 
analysis may create a key impediment to increased adoption of wind 
energy. This chapter therefore explores the environmental consider-
ations of generation technologies in general and wind energy in par-
ticular. The chapter begins with a brief introduction to the 
valuation of environmental amenities, goes on to discuss some esti-
mates of monetised externality values for electricity generation tech-
nologies and finally looks in detail at the specific environmental 
challenges surrounding wind energy. 

What is the environment worth? 

Pollution affects peoples well-being in a wide variety of ways. Air and 
water pollution from a power plant may cause health impacts which 
result not only in physical suffering but also in economic damage 
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through increased health-care costs and reduced productive working 
days. Also, if pollution damages a stream or lake, for example, further 
economic damage may result in terms of reduced fish catch or 
reduced tourism. The economic cost of such impacts, while complex, 
can be estimated auth relative ease and accuracy by examining actual 
health-care ccsts, salaries, tourism revenues and so on. 

But ho' does one value less tangible costs? If people die prenla-
turely .s a result of pollution, how does one place a monetary value 
on tjese lives? Furthermore, the benefits of environmental amenities 
Lie forests are not reflected in direct-use values like tourism alone. 
intangible non-use or existence values also must he considered. For 
example, how does one place a monetary value on the fact that 
people who never visit the Amazon rainforest may nevertheless 
obtain a certain satisfaction simply from knowing that the rainforest 
exists and continues to support vast wildlife and biodiversity? If 
people are willing to pay higher prices or forego a certain degree of 
economic growth in exchange for protecting the rainforest, then 
clearly such existence values are real and ignoring them results in sub-
optimal development. The rainforest may also provide what are 
known as option values, such as the possibility that valuable medicines 
may be derived in the future from the rainforest and that destroying 
the rairitorest today would elirruiiate that valuable future option. 

Last, but not least, is the issue of global warming and the growing 
concern that human activities, particularly fossil fuel combustion, 
are permanently altering the earth's climate, with potentially enor 
mous but unpredictable future worldwide impacts. If one has no 
idea what the size of future impacts will be but is fairly sure that the 
impacts will be negative, how does one account for such impacts in 
an economic analysis? The difficulty of placing a monetary value on 
such things and their inherently subjective nature, are the pruiiary 
reasons why environmental considerations are often ignored in eco-
nomic analyses. Ignoring these considerations, however, is equiva-
lent to assigning them a value of zero, which is also clearly 
incorrect. 

In reality, the environment is usually not ignored altogether, but 
is instead treated as a separate consideration outside of the eco 
nomic analysis. The problem with this, however, is the difficulty 
which arises in comparing different options. For example, how does 
one choose between electricity generation option ii which costs 
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0.05 USS/kWh and causes X amount of pollution resulting in 50 
excess deaths per year, or option B which costs 0.04 IJS$/kWh and 
causes V amount of pollution resulting in 80 excess deaths per year? 
When one chooses either option A or option B, one is making an 
implicit judgement about the value of human life in deciding 
whether it is worth spending an extra 0.01 US$/kWh to save 30 lives 
per year. 

Therefore, in making particular technology choices, societL make 
implicit judgements about the value of unquantifiable factors such as 
hunian life or the existence value of a pristine wilderness area. RatlI 
than leave such judgements implicit, it may he possible to make 
better-informed and more meaningful decisions if environmental 
amenities can be more explicitly and formally quantified; and a 
number of valuation techniques have been developed for this purpose. 

Damage costs 

A widely used framework for valuing the environmental externali-
ties of electric generation technologies involves defining a specific 
damage function associated with each type  of environmental 
impact. Often called the impact pathway methodology, the four 
general steps of this approach are illustrated in Figure 6.1. 

In Figure 6.1, a hypothetical power plant emits a certain level of 
particulate matter, whose dispersion into the atmosphere can be 
modelled with a dispersion model. The plants location and the 
atmospheric dispersion pattern will result in a given exposure level 
in the population. Using an estimated dose-response function, this 
exposure level can then be translated into an impact level such as 
increased illness. Lastly, the monetary costs of these increased ill-
nesses are calculated in terms of health-care costs, lost wages and so 
on. Thus, in this example, the four steps of the impact pathway 
approach allow the calculation of a direct monetary cost for 
damages resulting from particulate emissions of a given power plant. 

One can see a number of difficulties with this approach. First, 
because pollutants dispersion and contact with the population will 
depend on specific location, population density and atmospheric 
characteristics, a separate dispersion analysis must be carried out for 
each source of emissions, resulting in high analysis costs. Secondly, 
how does one establish the dose-response relationship between 
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Figure 6.1 Impact pathway approach for dcvelopment at cnvironriiental 
damage costs 
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Smoe: F.xternt. 1995 I, vol. 1, p. 23. 

exposure and illnerss? One might use epidemiological studies or con-
trolled animal exposure studies, but neither of these are completely 
reliable and they too are expensive to carry out. Ihirdly, and 
perhaps most controversially, how does one place a monetary value 
on the impacts, especially if the impacts involve intangible flofl-USC 

values or option values? 
The following paragraphs provide a brief introduction to some of 

the methods used for monetary valuation of environmental impacts 
when straightforward market prices (for example, of crop damage 
from pollution) are not available. These include hedonic pricing, 
travel costs and contingent valuation. 

Hedonic pricing 
Hedonic pricing uses changes in the market value of related goods 
to infer the value of environmental amenities. For example, if a 
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house located directly adjacent to a major highway costs less to buy 
than an identical house located 1 kilometre from the highway, then 
one might use the difference in price between the two houses to 
estimate the val tie of the environmental impact (air pollution, 
noise, visual impact) of the highway. In other words, hedonic 
pricing assumes that the prices of goods traded on the open market 
reveal the implicit value which people place on associated non-
traded goods like environmental quality. 

A widespread application of hedonic pricing has been to derive 
the value of noise pollution near airports. Because housing values 
tend to decline as houses get closer to airports and because this 
decline in value is assumed to be due to high noise levels, one can 
compare the change in noise level to the change in house prices to 
estimate the damage-cost function of noise. This is illustrated in 
Figure 6.2, where Function 1 represents a smooth linear function of 
declining house prices with increasing noise. In this case the slope 
of the line, or the unit change in price per unit change in noise, 
would represent the damage cost of the noise. However, the func-
tion may not be linear. It may be, for example, that there is a 
threshold lcve.l of noise up to which house prices show little sensi- 

Figure 6.2 Example of hedonic pricing to establish monetary damage cost 
of noise 
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tivity and above which house prices decline drastically, only to sta-
hilise again at a very high noise level. Function 2 in Figure 6.2 repre-
sents such a situation. In such a case, it would he more difficult to 
define the darnagecost function. However, both Functions I and 2 
pass through the three points (N 1 ,P i ). (N,P ) ) and (N r ,P i ). An analyst 
who had only these three data points would have no way of 
knowing whether the true damage cost was represented by Function 
I or Function 2. 

Careful data analysis is therefore critical. Furthermore, the 
hedonic pricing method is only useful if the under]ying market (for 
housing, in the case of Figure 6.2) is itself free of distortions. Price 
controls, housing segregation, lack of land availability, or any other 
number of factors could skew the relationship such that the 
price—noise function does not accurately reflect peoples  true prefer 
ence level for quietude. 

I ravel costs 
The travelcost method examines how much people pay to travel to 
a given site (for example, a national park) to determine a demand 
function for the site. This is illustrated in Figure 6.3, which plots the 

Figure 6.3 	travel-cost method for vilriing environmental ameniLties 
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number of visitors to a hypothetical recreational site vs. the cost of 
visiting the site (transportation cost, entry fee, accommodation cost 
and so on). 

Figure 63 shows an estimated demand function, in which the 
number of visitors is inversely related to the cost of the visit. When 
the cost is C 1 , the number of visitors is V 1 . This indicates that V 1  
number of visitors is willing to pay at least C 1  to enjoy the site (a 
portion of them would have been willi rig to pay even more). Thus, 
area B pius area D represent the total cost which V 1  visitors spent in 
visiting the site. Area A represents what is known as the consumer 
surplus, or the additional amount that a portion of the V visitors 
would have been willing to pay had it been necessary to do so. 
Thus, areas A plus B plus D represent the total amount that V 1  visi-
tors were willing to pay to visit the site. Similarly, when the cost is 
C 2 , the number of visitors is V 2 . In this case, areas 0 plus E represent 
the total cost which V., visitors spend in visiting the site, and areas A 
plus B plus C represent the consumer surplus (Hakimian and Kula, 
1995). Overall, the total area under the curve represents the 
minimum direct use-value of the recreational site. 

The travcl-cost method can also capture other factors such as the 
value of peoples time to reach the site. Since, this time does have 
some value (for example, in terms of lost wages), its value should 
also he included as hart  of the cost of visiting the site and hence as 
part of the direct-use value of the site. This method does not 
account for non-use values or the option value of preserving the site 
for the future, however. 

Contingent valuation 

While the above-mentioned techniques are valuable in estimating 
the use values of many environmental amenities, they both suffer 
from an inability to deal with non-use or existence values such as, 
for example, the emotional well-being which people might derive 
from knowing that tigers or rhinoceroses continue to survive in the 
wild. Though these values are highly intangible, the fact that people 
give millions of dollars each year to wildlife preservation organisa-
lions clearly indicates that these existence values are real, since few 
of the people giving this money are likely personally ever to see the 
animals in the wild. 

The contingent valuation (CV) approach differs from the above 
two methods in that it does not rely on observed market data to 
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infer the value of environmental amenities. Rather, CV uses survey 
techniques to directly ask people how much they would be willing 
to pay to obtain a certain environniental improvement or what is 
the minimum payment they would he willing to accept in return for 
an environmental loss. Thus, a contingent valuation survey might 
include questions like how much would you be willing to pay in 
order to permanently set aside XYZ land as a nature preserve and 
prevent its future development? The lack of reliance on observed 
behaviour is both the strength and weakness of CV. 

Its strength lies in the fact that one can derive an estimated 
market value for things for which no niarket exists.. Thus, for 
example CV was heavily used in trying to determine Exxon 
Corporation's liability for the damage caused to Alaskan wilderness 
from the Exxon Valdez oil tanker spill. Its weakness lies in the fact 
that the valuation is purely hypothetical and may thus he highly 
biased. Biases may be introduced, for example, by the way the ques-
tions are worded, by respondents' desire to influence the result, by 
respondents' lack of information about what they are asked to value 
and by the simple tact that ieople's hypothetical willingness to pay 
for things is different from what they will actually pay in reality. 
Contingent valuation is therefore perhaps the most versatile, as well 
as most controversial, method of environmental valuation. 

Other valuation issues 
All of the above methods have certain shortcomings, and in practice 
different methods may be used either in combination or as a means 
of establishing a range of estimated values. For example, in order to 
estimate the value of reducing deaths from environmental damage, 
one must estimate what is known as the value of a statistical life' 
{VSL), or the amount which a society is willing to pay to prevent the 
death of one average hypothetical person. This estimate might he 
derived using CV techniques, such as by asking people how much 
they would be willing to pay to reduce their likelihood of accidental 
death by a certain degree. If people were willing to pay an average of 
$100 to reduce their risk of accidental death by I in 10 000, for 
example, then the estimated VSL would he $1(.)0 x 10 000 = $1 
million. Or one might observe how much extra people are paid for 
dangerous occupations (for example, deep-sea diver, Ore-fighter) in 
relation to their increased risk of death; this technique uses 
observed job market behaviour to e.timate the VSI. through peoples 
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willingness to accept payment for increased risk. Or, one might USC 

peoples voluntary expenditures on things which reduce the likeli-
hood of accidental death, such as smoking cessation programmes or 
vehicle air bags (Lxternli, 1995). 

To estimate the value of morbidity (illness) impacts, one must 
estimate the value of lost time (including foregone earnings), 
decreases in well-being due to pain and suffering and costs of both 
averting and treating illness. The value of lost earnings and the cost 
of medical treatment are easy to estimate using observed wages and 
medical costs. To value pain and suffering, however, CV techniques 
are more useful. The values of all of these components are summed 
to obtain the overall morbidity value. 

The issues involved in such valuation are very complex, such as 
the different valuation of voluntary vs. involuntary risk, the use of 
appropriate discount rates to value future costs and benefits and the 
potential for obtaining age-differentiated VSI.s. The reader is asked 
to consult the references for treatment of such issues. 

Environmental damage costs of electricity generation 

A number of studies have been carried out to try to estimate the 
value of environmental damages caused by electricity generation. 
Two of the most well known are the European Commissions 1995 
ExternE Externalities of Energy study (ExternF., 1995) and the 1994 
New York Statc Environmental Extemalilies Cost SIWI)' (RCG/l lagler 
Bailly, 1994), 

The. 1995 ExtesnE study represents one of the most comprehensive 
efforts to date to quantify monetary values of environmental exter-
nalities for a wide range of fuel cycles: coal, nuclear, oil, gas, hydro 
and wind. The study analyses full fuel cycles, from milling of fuel 
through power generation and waste disposal. The impacts analysed 
for the coal fuel cycle, for example, include damages relating to mor-
tality, acute morbidity, chronic morbidity, occupational health, agri-
culture, forestry, aquatic impacts, materials impacts and noise. 

Regarding wind energy, the ExternE study characterises the wind-
energy fuel cycle as including the following environmental impacts: 
noise, visual intrusion, global warming, acidification, public acci-
dents, occupational accidents, land use, bird mortality and radio 
interference. l'hough wind energy itself produces no air emissions 
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which would result in global warming or acidification, construction 
and installation of the wind turbines does involve energy use which 
creates air emission impacts, though this depends on the nature of 
the energy resources already in use at the time of construction. 
Based on two wind farm sites in the UK, the ExternE study 
quantified the externalities of wind energy as shown in Table 6.1. 

Noise values showed a wide variation depending on the popula-
tion density surrounding the site. The study declined to place a 
specific value on the visual amenity due to lack of reliable studies 
and the great controversy surrounding the issue, particularly in the 
UK. The ExternE study estimated that visual impacts could range 
from less than 0.1 milli-ECUs per kwh (mECU/kWh) outside of des-
ignated scenic areas, up to 35 mECU/kWh in areas of major recre-
ational impOrtanCe. Of the two specific sites analysed in the 
ExternE study fr  the study estimated the upper limit of the visual 
impact to he 1.9 inECU/kWh for one area with significant tourist 
traffic and 0.09 mECU/kWh for the other more typical UK site. 

Land-use impacts of wind energy were deemed negligible because 
of the very small land area used by the actual turbines themselves 
and their compatibility with both agriculture and animal life. Bird 
mortality impacts were estimated to he negligible in the UK and 
throughout Europe, except in southern Spain where there is a high 
density of migratory birds. The ExternE report recommended con-
tinued study of this issue, however, acknowledging that a major 
study in California revealed significant mortality of raptors. But 
ExtcrnE concluded that overall avian impacts in Lurope were negli-
gible as long as certain important bird sites were designated and 
excluded from wind farm developnierit. 

Table 6.1 	F,stimated environniental cxtcrnalitv values of wind-generated 
electricity 

Exo'nal uostc (u0(]LI1ktV!i) 

Noise 0.07-1.1 
Visual amenity Not quantified 
Global warming 0,15 
Acidification 0.7 
hiblic accidents 0.09 
Occupational accidents 0.26 

Smru': FxtriiE 	995), vol.6, j.  I IS. 
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It should also he noted that, even in sensitive areas, many avian 
deaths may he avoided through improved siting and equipment 
selection. Californias Altamont Pass, where a particularly large 
number of raptor deaths have occurred, is notable for being both 
the largest and oldest wind farm in the world. The Altamont site 
contains thousands of wind turbines, most of which are small (in 
the 100 kW range) by todays standards and thus not only spin 
faster but also cover a larger portion of the landscape than do 
larger modern turbines. Larger turbines with tubular towers (rather 
than lattice ones) are more visible, spin more slowly and are 
higher off the ground, all helping to avoid bird impacts. In addi-
tion, certain specific turbine locations within Altamont Pass 
appear to be responsible for the hulk of avian deaths in the area 
and the turbines at these most vulnerable sites are being removed 
as part of a repowering process to replace old small turbines with 
fewer new large ones (Wind Energy Weekly, 1998). It is therefore 
expected that avian deaths at Altamont Pass will decline in the 
future. 

Looking at l'able 6.1, if one were to assume a median noise value 
of 0.6 mECU/kWh and a median visual amenity value (of the two 
sites analysed) of 1.0 mECtJ/kWh, then summing the identified 
values in Table 6.1 would result in a total environmental externality 
value for wind energy of 2,8 mECU/kWh (0.0032 l.JSS/kWh at the 
average 1997 exchange rate). 

While this value is not trivial, it is less than one-tenth of the elec-
tricity generating cost. Furthermore, the global warming and 
acidification impacts listed in Table 61 are secondary impacts stein-
ming from an assumption of fossil fuel-based primary energy use for 
turbine manufacturing. Though all fuel cycles (coal, nuclear, natural 
gas and so on) have such secondary impacts, the ExternE study 
included secondary emissions only for wind energy and did not 
analyse them for any of the other fuel cycles it studied. If therefo_re 
one were to exclude such secondary -impacts for the purpose of com-
parison with other technologies, then the wind energy externality 
value would be only approximately 2 mECU/kWh (0.0023 
US$/kWh). 

A suhsequent Danish study used the ExternE methodology to 
analyse the environmental externalities of 1)0th onshore and off-
shore wind farms in Denmark (Schleisner and Nielsen, 1997). Its 
results for wind energy are summarised in Table 6.2. 
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TaLile 6.2 lI)ariish Externil national irnpleiueniaiion: wind energy 
cxterniilit values 

Jnpii:t cflregory 	 I lain age soils (iuL (U/k 0/h) 

0d'fiore 	 (Inshore 

Power generation 	 0.01 	 0.19 
of which: Visual impact 	 0.00 	 0.17 

Material production and 	066-3.64 	0.40-2.36 
manufacture 
of which: Global warming 	 0.08-3.06 	 0.06-2.02 

Total 	 0.67-3.65 	0.59-2.55 

Sassier: Schleisncr arid r5je!seri I 1997j si:. 104-5 

The Danish study estimated total environmental externalities 
of the offshore wind farm to he 0.67-3.65 mECU/kWh 
(0.00076-0.0041 IJS$/LWh) and of the onshore wind farm to be 
0.59-2.55 mLCU/kWh (0.00067-0.0029 USS/kWh). The Danish 
study divided the damages into two broad categories: those which 
occur during power generation and those which occur during pro-
duction and manufacture of the generating equipment and facili-
ties. Those impacts occurring during power generation include 
accident.s (to both the public and workers), Iloi.se, visual intrusion, 
bird impact, Fish impact and interference with electromagnetic com-
munication systems. Those impacts occurring during production 
and manufacturing are almost entirely air pollution impacts from 
fossil fuel use during manufacturi rig and installation of wind tur-
bines. The wide range of estimated damage values from material 
production and manufacture reflect the significant uncertainty asso-
ciated with global warming impacts. 

For the offshore wind farm, virtually 100 per cent of the external-
ities were calculated to occur during the manufacturing and con-
struction phases due mostly to the global warming impacts of 
secondary CO 2  emissions. For the onshore wind farm also, 
secondary impacts of man ufacturing were dominant. Of the 0.59-
2.55 mECU/kWh of total onshore externalities, only 0.19 mECU/kWh 
were due to the power generation phase, of which (11.17 mF,CtJ/kWh 
were due to visual impacts and the remainder due mostly to noise. 
Thus, in comparison with the earlier 1.995 ExternF, study of the UK 
(highlighted in Table 6.1), the Danish study suggests a much greater 
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impact from secondary CO 2  emissions and less impact from visual 
and noise considerations. 

The 1994 New York State study (RCG/Hagler Bailly, 1994) did not 
consider secondary emissions during manufacturing. This study cited 
visual intrusion as the primary environmental impact of wind energy 
and estimated its damage value at 0-0J000018 US$/kWh in rural 
areas and 0-0.000939 US$/kWh in suburban areas. In other words, 
the maximum aesthetic damage value from wind turbines visual 
impact was estimated to he slightly under one-tenth of one US cent 
per kWh. Other externality impacts of wind energy, including noise, 
land use, vegetation, wildlife and public and occupational safety, 
were not quantified in the study but were assumed to be negligible. 

Com parisons between wind and other fuel cycles are difficult 
owing to differences in assumptions and methodologies. However, 
based on the other ExternF. (1995) fuel cycle studies, Figure 6.4 pro-
vides approximate externality estimates for coal, oil gas, nuclear 
and hydro in coniparison to wind, in US dollars. In addition, Figure 

Figure 6.4 Estimated total environ mental externality ranges, by toe] type 

45 
1 9.0 

-. 	 - 

—ExternE, 1995 

4.0 - 	 . 	 -:LPnmaLi997 . 
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3.0 - 	 ... 
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0.0 
Wind 	Coal 	Oil 	Gas 	Nuclear 	Hydro 

,Seurce.c: LxternE (199S) and Schlei.ner and N]]s 	(1997). 
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6.4 also includes estimates for wind and gas from the 1997 Danish 
study (Schleisner and Nielsen, 1997). 

The estimated externality values in Figure 6.4 are highly site-
specific and the possible ranges on these values are very large. All 
numbers should he used only with extreme caution and a thorough 
understanding of the underlying assumptions. 1-lowever, wind ener-
gy's environmental impacts are seen to be no higher than any other 
fuel and considerably lower than those of fossil fuels. Furthermore, 
while the estimated externality values for wind are broadly similar 
between the two studies, externality esti mates for gas are consider-
ably higher in the 1997 Danish study than in the 1995 ExternE 
study, due to different assumptions about global warming. In fact, 
the upper limit of the Danish estimate for gas is 9 US cents per kWh. 
Had the Danish study also analysed coal and oil, its externality esti-
mates for these fuels would have been even higher. Such discrepan-
cies between studies are common, especially given the enormous 
uncertainty associated with damages from global climate change. 

Nevertheless, virtually all studies conclude that wind energy is 
one of the most environmentally benign electricity sources. 
lgnoring these environmental attributes in financial and economic 
analyses therefore results in a significant competitive disadvantage 
for wind energy. In addition, wind energy's environmental impacts 
are local, relatively predictable and primarily aesthetic, while those 
of fossil fuels and nuclear energy involve long-term risks whose 
magnitude cannot be accurately determined and which could 
potentially be much greater than the figures mentioned above. 

Social considerations 

The previous paragraph highlights one of the paradoxes of the envi-
ronmental debate surrounding wind energy. From a 'global policy' 
perspective, the local aesthetic impacts of wind energy appear more 
benign than the unquantified, long-term and large-scale impacts of 
things like global climate change and radioactive waste, whose 
overall impact on human health could be enormous. From a local 
perspective, however, the highly visible local intrusion of a wind 
farm may raise significantly greater passions than do abstract con-
cerns of global long-term impacts. The result has been that wind 
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energy facilities, generally acknowledged as one of the most envi-
ronmentally benign electricity sources, have often had great 
difficulty in obtaining local planning permission for construction. 

Public sentiment towards wind power development does not 
merely affect policy makers and planners; it affects the attitudes of 
investors as well. Gipe (1997) points out that bankers and investors 
take public opinion seriously in assessing projects' viability. The 
current state of the nucle.ar power industry clearly highlights this 
point. Negative public opinion towards nuclear powers environ-
mental impact plays a key role around the world in deterring new 
investment in nuclear power, even though ExternE (see Figure 6.4) 
suggests that nuclear power's environmental impact may in fact he 
quite low. 

Nowhere has the debate on the visual impacts of wind energy 
been carried out with more vigour than in the UK, where prc- and 
anti- forces have waged an acrimonious battle for public opinion. As 
a result, significant research into public attitudes towards wind 
energy has been carried out in the UK. 

Surveys conducted in the UK show an overall positive public per-
ception of wind energy and suggest that vocal opposition conies 
from a relatively small minority. Table 6.3 summarises a large 
number of UK p]ls regarding local public opinion towards specific 

wind farm prolects. 
These survey results show strong support for the various wind 

farm projects. Significantly, even when respondents expressed con-
cerns prior to construction about wind turbines' potential intrusion 
into the local environment, surveys consistently found that resporl-
dents impressions of wind energy improved once they had experi-
enced wind farm operation for themselves, suggesting that the 
actual visual and noise impacts may be lower than commonly antic-
ipated by the public. 

For example, in the Delabole survey, the percentage who thought 
that wind turbines spoiled the scenery dropped from approximately 
50 per cent before to 25 per cent after and those who thought wind 
turbines caused noise nuisance dropped from 86 per cent down to 
20 per cent. The Bryn Titli project also shows significant improve-
ment in public opinion subsequent to commencement of operations. 

In general, therefore, even in the UK where public opinion has 
been divided over wind power, surveys consistently show strong 
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support, and the level of support increased as a result of actual first-
hand experience with operating wind energy systems. Similar ten-
dencies have been observed in Sweden (Hammarlund, 1996). 

Nevertheless, concerns about the impacts of wind turbines on the 
local environment are very real and must he addressed squarely. 
This is particularly the case with large wind farms which, though 
economically more cost-effective, have greater visual and noise 
impacts than isolated single turbines. Openness and public involve-
ment throughout the planning and siting process are critical ingre-
dients in obtaining public consent and buy-in to wind power plants. 
Promotion schemes which encourage rapid wind energy develop-
ment over a very short time-span can inadvertently result in public 
backlash by precluding public involvement due to compressed time 
schedules. This has been one of the main criticisms levelled at the 
UKs NF}O process (see Chapter 7), whose competitive and sporadic 
bidding process has encouraged the rapid development of wind 
farms in scenic areas, sometimes with only limited and belated local 
planning input. 

Using both contingent valuation and hedonic pricing techniques, 
Danish surveys also indicate low overall levels of visual and noise 
disturbance in households located near windmills (0.0002-0.01 
DKK/kWh, or 0.003-0.15 US cents/kWh at the average 1997 
exchange rate) (Munksgaard et al., 1996), though some households 
consider the disturbance significant. Predictably, amongst people 
living in the vicinity of windmills, those who profit from the energy 
generated by their windmill co-operative consider the windmills as 
less of a nuisance than those living near windmills who receive no 
profit (Munksgaard et al., 1996). Allowing greater participation in 
the profits to those affected by the visual and noise irnl.acts there-
fore helps diffuse the objections raised against wind energy. 

Gipe (1995) highlights the need for local communities to perceive 
that they receive some of the benefits of wind power development 
and not just the costs. Close consultation and compensation from 
developers or opportunities for local populations to join wind 
energy co-operatives (as in l)en mark, Germany and the 
Netherlands) may go a long way towards reducing public opposi-
tion. The visual landscape is, after all, public property; and the per-
ception that outsider' developers profit while locals' pay the price of 
a landscape sullied with wind turbines is a sure-fire formula to 
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foment public resistance. Reconciling the need for financial viability 
in an increasingly competitive electric generation industry with the 
local publics need for enfranchisement is likely to represent wind 
energy's key environmental challenge in the coming years. 4  

Job creation is another social consideration of great interest. 
Renewable energy systems, by virtue of their diffuse nature, have 
been touted as providing greater local employment than more cen 
tralised conventional electricity systems. Much of the research exam-
ining the linkage between renewable energy and employment was 
conducted in the late 1970s, and their conclusions suggested that 
wind energy (and renewable energy in general) is more labour-inten-
sive and therefore provides higher employment than equivalent 
levels of conventional energy. Few such studies have been under-
taken in recent years, but some recent results are summarised below. 

In a survey of employment in the wind energy industry in the UK, 
Jenkins (1996) concluded that wind energy offers substantially 
higher employment opportunities than in the conventional power 
sector. This includes significantly higher local employment for oper-
ation and maintenance activities. This could provide the advantage 
of bringing employment into often economically depressed rural 
areas. On the other hand, where trained maintenance mechanics are 
in short supply, particularly in rural areas of developing countries, 
the dispersed nature of wind energy could cause maintenance 
difficulties and potentially result in lower reliability and higher costs. 

In Denmark, an extensive macroeconomic analysis by the AKF 
Institute of Local Government Studies compared a wind-power-
intensive scenario against a coal-based scenario and concluded that 
the difference in employment between the two was insignificant, 
though the wind scenario did result in slightly more jobs 
(Munksgaard et al., 1996). 

Overall, it appears that wind energy's contribution to increased 
employment may be negligible to slightly positive. Dowever, the 
issue of employment does not in itself provide strong justification 
for increased development of wind energy. 

In absolute terms, the total number of jobs created by the wind 
energy industry is still small. Jenkins (1996) estimated that the UK 
wind energy industry employed roughly 1300 full-time-equivalent 
persons in 1994-5. In Denmark (the world's leading manufacturer 
of wind turbines), the Danish Wind Turbine Manufacturers 
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Association estimates that wind energy directly and indirectly pro-
vided roughly 9000 johs in Denmark in 1995 arid that worldwide 
employment in the wind energy industry is approximately 30 000 
to 35 000 jobs (Vindrnølleindustrien, 1996), based on 1200 MW of 
new installed wind capacity per year. 

In developing countries use of windmills can enhance local 
employment and improve countries balance of payments by reduc-
ing the need for imported capital equipment and fuel, at least for 
low-technology water-pumping applications (Bhatia and Pereira, 
1988). However, the employment and balance-of-payments implica-
tions of modern high-technology wind turbines for developing 
countries are less clear, as they will continue to require the import of 
equipment (though not fuel) as well as, perhaps, specialised labour. 



7 
Wind Energy Policy 

Great strides have been tiiade over the last two decades in improv-
ing the technology, reliability, cost-effectiveness and overall under-
standing of wind energy. However, in spite of these improvements, 
significant harriers remain which must he overcome before wind 
energy can achieve substantial adoption within the general electric-
ity market. These barriers have been discussed in previous chapters, 
but some of the most important are reiterated below: 

• Costs. Wind energy technology costs have decreased 
significantly. In some cases, wind energy has become competitive 
with conventional sources, but in general, wind energy is still 
more expensive than conventional grid-based electricity genera-
tion. With the low natural gas prices which have prevailed over 
the last decade and the significant advances achieved in combus-
tion turbine technology, full cost-competitiveness for wind 
energy remains elusive. 

• fli.spatcha/.ility. 	Because electricity cannot be readily stored, 
electricity generation output must he continuously increased and 
decreased to match supply with fluctuating demand on the elec-
tricity grid. The ability to control generation output (dispatcha-
bility) is thus a highly desirable trait for generation technologies. 
Wind energy resources are weather-dependent and inherently 
variable. The resulting lack of dispatchability increases the com-
plexity of integrating wind energy into the grid, both in terms of 
physical grid operation and power sale contracts. 

• Sinai! scale. Conventional electricity generation technologies 
are typically over 100 MW in size and can reach well over 1000 
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MW. In contrast, wind energy technologies are small-scale, start-
ing as small as under I kW for off-grid applications and increas-
ing to perhaps 100 MW for a large wind farm. As a result, the 
transaction Costs of planning, designing, building and operating 
wind energy facilities are typically much higher on a per-kW 
basis than those associated with conventional facilities. Small 
scale does offer some advantages for wind energy as well, such as 
dispersed modular implementation and reduced transmission 
and distribution investments, but these benefits are not always 
accounted for in economic calculations. 

Environment. Wind energy causes fewer overall negative impacts 
on the environment than conventional energy sources. However, 
these advantages are often ignored by decision makers when 
comparing wind plants with conventional power plants. On the 
other hand, due to its distributed local nature, wind energy can 
have local environmental impacts such as visual intrusion and 
noise; and these have made installation difficult in some areas. 

institutional bias. Utilities typically have very limited experience 
of wind energy and tend to regard renewable resources with sus-
picion, particularly given the above existing barriers. This conser-
vatism often results in wind energy being shunned even when it 
is attractive from both a technological and economic standpoint. 

As a result of such barriers, special policies have been and con-
tinue to be necessary for wind energy to penetrate the electricity 
market. Some policy mechanisms, such as environmental taxation, 
aim to correct existing market failures by recognising technologies' 
differing environmental impacts and taxing them accordingly. 
Other mechanisms, such as investment subsidies, aim to expand the 
market size and thereby stimulate technological advance, economies 
of scale and overall cost reduction, with the eventual goal of elimi-
nating the need for such subsidies. The various mechanisms are not 
mutually exclusive and are often used in combination. This chapter 
provides a description of policy mechanisms which have been used 
by countries to promote renewable energy in general and wind 
energy in particular. The chapter is divided into two parts, the first 
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describing generic policy mechanisms, and the second describing 
specific countries policies and experiences in more detail. 

Power purchase agreements 

Reliable power purchase contracts are perhaps the single most criti-
cal requirement of a successful renewable energy project. The major-
ity of renewable energy projects have been implemented by 
independent developers unaffihiated with utilities. The only possibil-
ity for such facilities to sell their power is to have access to the util-
ity's transmission and distribution grid and to obtain a contract to 
sell power either to the utility or to a third party by wheeling 
through the utility grid. Because renewable energy projects are gen-
erally considered risky by financial institutions, a reliable, stable 
long-term revenue stream is extremely important for obtaining 
finance at a reasonable cost, as discussed in Chapter S. Creation of 
reliable markets for independent power has thus been the corner-
stone of essentially every successful renewable energy strategy. The 
most famous example of this is perhaps the 1978 PURPA law in the 
USA, which mandated that utilities purchase all independently gen-
erated power at their avoided cost; but other countries such as the 
UK, Denmark, Germany and India have all developed explicit (hut 
differing) rules providing guaranteed power purchase agreements for 
renewable electricity. 

However, mandating that utilities purchase power at their avoided 
cost is not in itself sufficient for successfully promoting renewable 
energy; determining an appropriate level of avoided costs is simi-
larly important. Avoided-costs are calculated based on the marginal 
generation unit whose costs the utility could avoid by purchasing 
the renewable energy in question. While the concept is straightfor-
ward, calculation of avoided costs is complex, particularly when 
they must be forecast many years into the future. As a result, 
avoided cost calculations can vary significantly depending on the 
assumptions used. If the calculated avoided costs are not sufficiently 
high, wind energy projects may remain unable to compete against 
conventional sources, and further incentives may be necessary. 

In addition, utilities are often reluctant to purchase independent 
power in spite of regulatory mandates to do so, and ways of over-
coming this intransigence may also he necessary. Furthermore, the 
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entire concept of avoi ded costs becomes nebulous as generation 
markets are deregulated and niovc towards a competitive footing. As 
described in Cl -iapter 5 deregulation of electricity markets has the 
potential to greatly increase the challenge for wind power in obtain-
ing long-term power purchase contracts. 

Investment incentives 

Investment incentives are often used to reduce project d eve l o pers  
capital Costs arid thus induce developers to invest in renewable 
energy. Incentives are typically paid either by the government 
through the general tax base or by utility customers through a sur -
charge on their utility hills. They can take a variety of forms, but 
some of the most common are described below. 

Investment subsidies 
Direct capital investment subsidies can he provided per kW of rated 
capacity or as a percentage of total investment cost. Such direct sub-
sidies are the most straightforward incentive and are attractive for 
their simplicity, but they must be strictly morutored against abuse 
and to ensure that project costs are not artificially inflated. A 
capable and vigilant regulator is thus essential in order for subsidy 
funds to he efficiently allocated. Germany and Finland are among 
the countries which offer direct subsidies for renewable energy 
investments. Other countries, such as Sweden and the Netherlands, 
provided such subsidies in the past but phased theni out. Sweden 
reintroduced investment subsidies in 1998. 

Investment tax credits 
Investment tax credits are similar to investment subsidies and serve 
to lower capital Costs by allowing plant owners to reduce their taxe.s 
by the amount invested in qualifying projects....hey can be useful in 
enticing profitable enterprises or high-income individuals to enter 
the renewable energy market to reduce their tax liabilities, but they 
can be inefficient if investors are more interested in maximising 
their tax shelter than in achieving actual electricity production. 
Investment tax credits are less transparent than direct investment 
subsidies, which may improve the political acceptability of tax 
credits but also increases their complexity and reduces their effec- 
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tiveness. The most famous - and infamous - use of investment tax 
credits was in the USA to stimulate wind energy development in the 
1980s,   The strategy played a maj or role in the creation of the 
modern wind energy industry but also suffered widespread abuse 
and created a political backlash still felt to this day. Another draw-
back of tax credits is that small project developers may not have 
sufficient pre-tax income to fully absorb the tax credits (Wiser and 
Pickle, 1997a), thus limiting the range of investors who can benefit 
from such policies. 

Other investment tax incentives 
A wide variety of other investment tax incentives exist. For example, 
import duty exemptions or reductions have been used in developing 
countries such as India and China to lower the cost of imported 
equipment. Other tax incentives include accelerated equipment 
depreciation, property tax reductions, and value-added tax (VAT) 
rebates. Such mechanisms can he used to lower projects capital 
costs, though, as with all investment incentives, there is a danger 
that some of the incentive will be captured by equipment vendors 
through higher prices. Again, tax incentives can he politically expe-
dient, as it is usually easier for governments to avoid collecting taxes 
through tax credits than to collect the taxes and then disburse them 
as explicit subsidies. But from a public policy standpoint, such expe-
diency must be carefully balanced against the complexity and dis-
tortions inherent in manipulating the tax system. 

Preferential finance 
The cost of raising capital is a major factor in all investment projects. 
This is particularly the case for infrastructure projects like power gen-
eration which involve large up-front costs, and long construction 
lead times and operating lifetimes. Thus, improved financing terms 
such as lowered interest rates or longer repayment horizons can 
significantly reduce project costs. Governments such as Germany 
and India have created special financing agencies to provide loans 
for renewable energy projects at below-market interest rates. 
Furthermore, many development organisations, including the World 
Bank, provide loan guarantees which reduce risks for commercial 
lenders and thus improve commercial loan terms and availability. 
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Production incentives 

Likc capital investment incentives, production incentives are subsi-
dies to reduce the cost of producing electricity from renewable 
sources. As with investment incentives, production incentives can 
he paid from the general tax base or through a surcharge on cus-
tomer utility bills. However, unlike investment incentives, which 
are paid based on initial capital costs, production incentives are paid 
per kWh of electricity generated. Production incentives can he supe-
rior to investment incentives by eliminating the temptation to 
inflate initial project costs and by encouraging developers to build 
reliable facilities which maximise energy production. The shift from 
investment incentives to production incentives in the USA was 
clearly influenced by this concern and by the abuses encountered by 
early investment incentive schemes. 

1-lowever, production incentives also suffer from one clear disad-
vantage compared to investment incentives. Because production 
incentives are paid per kWh generated, project developers and 
funders must rely on the assumption that the incentives will con-
tinue to he available in future years. Elimination of production 
incentives due to policy changes, government budget cutbacks or 
political whim can have devastating financial impacts on renewable 
energy projects. By contrast, investment incentives which are paid 
up-front are not subject to changing political forces once the incen-
tive is paid. On the other hand, investment subsidies can also be 
subject to political uncertainty at the time of construction, as evi-
denced by the USA's year-to-year extension of its investment tax 
credit in the late 1980s and early 1990s, subject to yearly 
Congressional approval, which ultimately led to the bankruptcy of 
LUZ International, the worlds most successful solar thermal electric 
power developer (Wiser and Pickle, 1997a). Nevertheless, for (level-
opers, investment incentives are generally much safer against politi-
cal risk than production incentives. 

Per—kWh production subsidies 
Production incentives can take different forms, the simplest being 
the direct cash subsidy, paid per kWh of electricity produced. 
Countries using such subsidies include the UK, Denmark and 
Germany. However, the level of subsidy can be determined in a 
variety of ways. In the UlK, the level is determined through a corn- 
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petitive auction, while in Denmark and Germany the level is adrnin-
istratively set as a percentage of the residentia] electricity tariff. In 
California, under its electric-utility industry restructuring law, exist-
ing renewable electricity projects are paid an administratively deter-
mined production incentive, while new projects must competitively 
bid for the per-kWh incentive. 

Per-kWh production tax credit 
As with capital investment incentives discussed above, production 
incentives can also be provided as tax credits rather than as direct 
subsidies. This has been the strategy employed by the USA since 
1992, for example, in promoting wind and biomass energy. 
Production tax incentives are subject to the same advantages and 
disadvantages (compared to production subsidies) as were described 
above for investment incentives. The advantages appear to be pri-
marily those of political expediency, while disadvantages include 
complexity and lack of ability of certain parties to fully absorb the 
tax credit. Furthermore, Kahn (1996) has argued that tax credits 
usefulness is limited because, in order to take full advantage of tax 
credits, projects must be financed with a greater proportion of high-
cost equity and a lower proportion of low-cost debt than would 
otherwise be the case. 

Renewables set-aside 

A renewables set-aside mandates that a certain percentage of total 
electricity generated comes from renewable sources, and reserves a 
specific portion of the market exclusively for reriewables. A set-aside 
policy thus recognises that renewable technologies may not he able 
to compete on the open market and instead creates a separate 
market within which renewable projects must compete amongst 
themselves. Thus, such policies rely on market forces and competi-
tion to stimulate cost reductions and further renewable technology 
development. 

lhough open competition among all renewable technologies in 
one reserved market may be theoretically appealing, in reality differ-
ent renewable technologies are in widely differing states of develop-
ment. Some technologies, such as landfill gas or waste incineration 
(assuming they are considered renewable' at all), are highly devel-
oped and can virtually compete in the open electricity markets 
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others, such as geothermal and wind, can in some cases compete on 
the open market; and others such as photovoltaics are rarely com-
petitive. Thus, open competition even amongst only renewable 
technologies would still result in a few technologies dominating this 
market. Therefore, if diversity of technologies is desired, it may be 
necessary to further allocate the renewables market into specific per-
centages for specihc tech nologies. 

The Non Fossil Fuel Obligation (NFFO) system in the UK is the 
most famous of such set-aside schemes and divides the renewables 
market into several technology hands. For each technology, power 
purchase contracts are awarded by the electricity regulator on a 
competitive basis, thus relying on market forces within each tech-
nology hand. A similar but even more market-oriented concept 
involves tradable renewable energy credits and includes the 
Netherlands Green Labels programme, as well as the Renewables 
Portfolio Standard (RPS) being attempted in some states in the USA. 
The NFFO, Green Labels and RPS are described in greater detail later 
in this chapter under the UK, Netherlands and USA sections. 

Externality adders 

As traditional energy planning has largely ignored the environmen-
tal externalities of power production, this has favoured technologies 
with high environmental impacts and discriminated against more 
environmentally benign technologies. Some regulators have 
attempted to address this issue by increasing the hypothetical cost 
of conventional power plants through an environmental externality 
charge or 'adder in the planning stage. Such adders can improve the 
likelihood of renewable energy plants being built by increasing the 
apparent cost of conventional technologies. Typically, externality 
adders are included only in the planning stage for resource selection 
but are not actually charged on operations, thus not affecting power 
plant dispatch once projects are built. Some US states have used 
externality adders for power project planning. 

Environmental taxation 

Like the externality adder, environmental taxation adds to the cost of 
fossil fuel-based energy by imposing a per-kWh tax on the basis of 
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pollutant emissions. Environmental taxation can thus provide a corn-
Iletiti\'e advantage to renewable technologies with low emissions. 
Unlike the externality adder, however, environmental taxes involve 
actual payment of money and are not merely a hypothetical charge 
for planning purposes only. Current debate regarding global climate 
change resulting from CU, emissions has stimulated much interest in 
the idea of carbon taxes, but actual implementation of carbon taxes 
to date has been largely limited to northern European countries, 
including Denmark, Finland, Netherlands, Norway and Sweden (ERA, 
1996). However, taxes on other emissions, including sulphur oxides 
and oxides of nitrogen (SO, and NO,) are more common. 

Care is necessary in determining how taxes are calculated. For 
example, carbon taxes on hiomass energy would he complicated by 
the fact that hiornass emits significant carbon when burned, but 
over its lifetime creates zero net carbon emissions. Thus no net emis-
sions would occur from sustainably harvested hiomass, but net emis-
sions would occur if biomass is harvested through deforestation. 
Environmental taxes have different impacts on different renewable 
energy technologies. Non-emitting technologies like solar or wind 
benefit from all environmental taxes, but biomass could be hurt by 
taxes on NO, or particulates, for example. on the other hand, if 
burning biomass for electricity reduces uncontrolled burning of 
biornass waste products in the 6eld, then biomass electricity would 
actually reduce overall emissions of NO, and particulates. 

Research, development and demonstration grants 

The mechanisms outlined above can all be used to enhance current 
implementation of commercial renewable energy projects. In addi-
tion, other incentives can be used to improve the general technolog-
ical and knowledge base necessary for more long-term stimulation 
of renewables. In particular, many governments provide research, 
development and demonstration (RD&D) grants for renewable 
energy technologies, as well as for resource assessment, environ-
mental considerations and other related areas. According to the 
International Energy Agency, OECI) spending on renewable energy 
research and development (R&l)) was on the order of US$880 
million in 1995, the largest percentage of which came from the 
USA, followed by Japan, Germany and Spain (lF.A, 1997h). 
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Different countries R&D programmes have focused on different 
renewable technologies. The USA's programme is fairly evenly dis-
tributed, though solar technologies (solar heating and cooling, pho-
tovoltaics and solar thermal electricity) account for over 50 per cent 
of total funds. Japan and Germany also place their largest emphasis 
on solar photovoltaics, though the non-solar corn ponent is domi-
nated by geothermal in Japan and wind in Germany. Sweden and 
Canadas R&I) programmes are dominated by biomass, while 
Denmark's R&D spending is split roughly equally between biomass 
and wind. 

However, unlike with other more direct incentive mechanisms, 
spending on R&D does not necessarily translate into a high level of 
installed renewable capacity. For example, between 1973 and 1988, 
the USA and Germany spent roughly US$380 million and US$79 
million, respectively, on wind energy R&D, but Denmark came to 
dominate the world wind-turbine manufacturing market, spending 
only US$15 million on R&D during the same period (Righter, 1996). 
R&D spending must he carefully integrated with reliable long-term 
markets if R&D is to translate into practical application. The same 
drawback can he observed in the current UK programme, in which 
there is little overlap between the technologies targeted by R&D 
spending and those supported through renewables set-asides (NFFO). 

Government-assisted business development 

In addition to providing RD&D assistance, governments can also 
indirectly stimulate the implementation of renewable energy by pro-
viding various types of business development assistance. Possible 
types of assistance include encouraging the formation of risk-sharing 
consortia, providing technology export promotion, setting technical 
and safety standards and providing certification, and others. 

One mechanism successfully employed in Sweden is known as 
'technology procurement', in which the government organises a 
consortium of buyers (for example, of wind turbines), specifies tech-
nical specifications, and solicits bids from manufacturers. The con-
sortium guarantees a minimum amount of purchases to the 
manufacturer who can meet the specifications at the lowest cost, 
thus reducing technology development risks for manufacturers 
while ensuring high quality at low price for the purchasers. 
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Government export-promotion assistance includes agencies such 
as the US Export-import Bank, the US Overseas Private Investment 
Corporation, the Export—Import Bank of Japan, and Germany's 
Kreditanstalt für Wicderaufbau. 

Green marketing 

Green marketing is a relatively new concept in which electricity cus-
tomers are given the option to voluntarily pay a higher price for 
electricity generated from renewable sources. This concept stems 
from the fact that surveys conducted in many developed countries 
indicate that people would be willing to pay a price premium for 
clean energy; and green marketing thus allows people to 'vote with 
their wallet for renewables. As the ultimate market-driven' 
approach to environmental protection, green marketing is likely to 
receive increased emphasis in liberalised electricity markets. And in 
fact, as one of the few non-price means of distinguishing one's 
service in a commodity market, green energy could well become a 
major marketing strategy for energy companies in the competitive 
electricity market. However, if green marketing is to be successful in 
promoting renewables, it requires a well-informed, environmen-
tally-motivated public that is willing to pay extra for a diffuse and 
intangible benefit. 

Green marketing programmes have been very popular in the 
Netherlands, where utilities have in some cases had difficulties in 
keeping up with demand. Other countries experimenting with green 
marketing indude the USA and Australia. Green marketing is 
expected to play a major role in the restructured competitive US 
electricity industry, but the US restructuring process is still too new 
for any conclusions to be drawn. Green marketing is also discussed 
at the end of Chapter 5. 

Tradable CO 2  credits 

The 1992 United Nations Iramework Convention on Climate 
Change (UNFCCC) and its subsequent 1997 Kyoto Protocol require 
nations to reduce their emissions of greenhouse gases, of which CO 2  
is the most prominent. A variety of mechanisms are being discussed 
to help achieve global CO, reductions at the lowest overall cost. 
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One such mechanism is the joint implementation of projects 
between countries, often funded by one country and implemented 
in another, in which the participating countries share credit for the 
achieved emission reductions. Another proposed mechanism 
involves tradable CO 2  emission permits, in which countries can 
meet their emission reduction requirements either by reducing their 
own emissions or by purchasing emission permits from other coun-
tries who are able to reduce their own emissions more cheaply and 
sell their excess permits. 

These mechanisms are all still under consideration, and it is not 
yet known how they will work in practice. Nevertheless, any 
binding ccmmitments on the part of countries to reduce their CO 2  
emissions will lead to a de facto CO2 credit market in which projects 
which reduce CO, emissions (like wind energy) will receive some 
form of financial compensation. In fact, renewabies market set-aside 
programmes which involve tradable renewable energy credits, like 
the Dutch Green Labels programme and the proposed US 
Renewables Portfolio Standard, are essentially no different from 
tradable CO, credit markets. Over the long term, such CO, credits 
may become one of the driving forces of renewable energy invest -
ment as the UNICCC becomes fully implemented. 

Other policy mechanisms 

Other mechanisms exist for promoting the implementation of 
renewable energy. Two such mechanisms which allow flexible 
access to the electricity grid are described below. 

Wheeling 
In some cases, an electricity consumer may wish to self-generate 
using renewables, but the location of the renewable resource (for 
example, wind or hiomass) may be different from the location of 
the consumer, requiring some transmission capability. Or in other 
cases, a large customer may wish to purchase its power directly from 
a private (perhaps renewable) generator, located off-site, to avoid 
purchasing from the local utility. In either case, such arrangements 
would not he feasible unless the utilitys transmission grid can be 
used to transmit, or 'wheel', the power from the generation site to 
the consumer's site. Wheeling provisions can he implemented to 
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allow such private transmission over utility lines by paying a charge 
to the utility. Such wheeling provisions for renewable energy have 
been implemented in India, for example. 

The ultimate manifestation of this is known as retail wheeling', in 
which all electricity consumers can freely choose to purchase power 
from any electricity supplier through a bilateral contract, and the 
transmission system operator and distribution system operator are 
merely paid a per-kWh fee for operating their lines and maintaining 
system reliability. Such competitive systems have been implemented 
in Norway and Sweden, for example, and are currently being intro-
duced in the USA. This ties in closely with the green marketing 
concept described above and can allow any customer to choose to 
purchase renewable energy directly from any supplier without Con-
tracting through the utility. 

Electricity banking (net metering) 
Renewable energy sources such as solar and wind are variable by 
nature and thus cannot be relied upon to produce electricity at the 
precise time of need. To overcome this drawback, electricity banking 
is a contractual system in which renewable generators can essen-
tially store' their electricity in the utility grid, to he used later. This 
amounts to the ability to sell one's generated power to the utility at 
a certain price and then purchase the same amount of power back 
from the utility at a later date for the same price plus payment of a 
service fee. Electricity banking can he particularly useful for season-
ally variable resources such as solar, wind and run-of-river hydro. 
For example, a self-generator using run-of-river hydro may find that 
his power production is far greater than his consumption during the 
wet season but is too low during the dry season. Through electricity 
banking, this customer could then pay the utility a service fee to act 
as a hank, absorbing the excess power in one season and delivering 
it hack to the customer in another season. Electricity banking has 
been implemented in India. 

Country experiences with grid-connected renewable 
energy policy 

The renewable energy policy mechanisms described above are rarely 
implemented in isolation. Rather, countries typically follow a multi- 
pronged approach incorporating various mechanisms. In some 



182 Wind Energy in the 21" Centiuy 

cases, this is a result of a clearly developed strategy and a recogni-
tion that any one mechanism may not he sufficient to achieve the 
desired implementation rates. In other cases, the use of multiple 
mechanisms may merely he the result of poor policy co-ordination 
and a piecemeal approach. Significant insight can he gained by 
examining countries policies for renewable energy promotion and 
analysing their successes and failures. The remainder of this chapter 
takes a closer look at the policies for grid-connected renewable 
energy in seven countries: USA, UK, Netherlands, Denmark, 
Germany, India and Sweden. These seven countries have been at the 
forefront of wind energy development over the past two decades. 

America 

The USA, and particularly the state of California, has been the site of 
some of the greatest renewable-energy policy successes as well as 
failures over the last 20 years and offers many valuable lessons. The 
following pages highlight the various forms of renewable energy 
promotion carried out in the USA including the PURPA law, tax 
incentives, the California system benefits charge, green marketing, 
the rencwables portfolio standard and others. 

PURPA 
The birth of the US renewable energy industry and the independent 
power industry in general can essentially be traced to the passage of 
the Public Utility Regulatory Policies Act (PURPA) of 1978. This law 
mandated that utilities purchase all power generated by 'qualifying 
facilities' at their avoided cost'. Qualifying facilities (QFs) include 
cogeneration plants, and electricity plants of less than 80 MW 
capacity fuelled by renewable sources and less than 50 per cent-
owned by electric utilities or their affiliates (Gilbert, 1991). 'Avoided 
costs' refer to those costs which the utility would otherwise have to 
pay to generate the electricity itself. At the time of PURPAs passage, 
virtually no non-utility power generation existed, and few people 
foresaw the enormous growth in non-utility generation which 
would occur over the next decade and which would permanently 
change the electric utility industry. 

Though PURPA was a federal law, actual implementation of the 
law was left to individual states; and different states acted with 
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varying levels of interest. Among those who implemented FURPA 
most aggressively were the states of California, Texas and Louisiana. 
Aggressive implementation of PURPA in California was due to 
serious power shortages stemming from significant delays in the 
construction of three utility nuclear power plants Hamrin and 
Rader, 1992), and the states desire to promote resource diversity 
through small power plants and renewables. However, in spite of 
power shortages and the PUItPA mandate, utilities were reluctant to 
sign contracts with independent generators which would end the 
utilities monopoly of the generation market and which would make 
them reliant on untested suppliers. To overcome such utility reluc-
tance and to smooth the contractual process in general, the 
California l'ublic Utilities Commission (ClUC) ordered the institu-
tion of standard contracts, known as Standard Offers (SO), to be 
signed between utilities and QFs. 

The standard offer contracts included four contract types, known 
as SOl, S02, S03 and SO4, and were the key to Californias PURPA 
implementation. 501 and S03 contracts pay for energy and capacity 
on an as-available lJaSis, while S02 contracts IJay  for energy on an 
as-available basis but pay fixed capacity prices for up to 30 years 
(UPUC, 1993). The most popular and most controversial contracts, 
the 504, evolved through various forms but essentially provide fixed 
payments for both energy and capacity (see Mcad and Denning, 
1991). Utilities were required to sign standard offer contracts with 
all sellers who met the necessary criteria. 

The interim 504 (1504) contract, available from 1983 to 1985, 
resulted in phenomenal QF activity. Though conventional wisdom 
expected no more than 1000 MW of lSO4 contracts, by 1985 more 
than 15 000 MW of 1SO4 contracts had been signed, leading to fears 
of over-capacity and forcing the CPUC to suspend the 1SO4 within a 
mere two years. 

Though the bulk of QF projects have been fossil fuel-based cogen-
eration projects, a large number of renewable energy projects were 
bLilIt as well, many with 504 contracts. The California experience 
with 1URPA offers many valuable lessons, as outlined below. 

Cmi tra ds 
Early experience with PUI{PA indicated that merely requiring utilities 
to purchase non-utility power at their avoided cost was insufficient. 
Two additional harriers had to he surmounted: (1) utility reluctance 
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to sign contracts, and (2) complexity, delays and high transaction 
costs of independently negotiated contracts. The creation of stan-
dard contracts was essential in overcoming these dual barriers. The 
four different standard contract types offered in California allowe.d 
significant streamlining of the contractual process while still provid-
ing sufficient flexibility to meet the needs of diverse actors in the 
market. For example, the option of front.loading payments to renew-
able prolects helped ease debt repayment by matching prolects 
revenue streams to renewable facilities cost streams. 

A voided costs 

PIJRPA mandated that non-utility power be purchased at the util-
itys avoided costs, but how to correctly calculate avoided costs was 
not adequately resolved, including for example, whcthe.r they 
included only short-run marginal costs or longrun marginal costs. 
In trying to stimulate QF development, the CPUC was, in retrospect, 
too generous in setting avoided costs, though this was not evident 
at the time. The greatest problems occurred with the 1SO4 contracts, 
which set fixed energy and capacity payments based on protected 
future avoided costs. In the early 1980s, energy prices (and hence 
avoided costs) were expected to continue rising inexorably, and thus 
prices paid to QF.s in 1SO4 contracts were locked in at an ever-
increasing rate. 

For example, 1SO4 prices paid by Southern California Edison and 
by Pacific Gas & Electric were both set to rise from under 6 
cents/kWh in 1983 to over 12 cents/kWh in 1997 (CPUC, 1993). In 
reality, however, the utilities' actual avoided costs dropped over that 
time period from approximately 5-6 cents/kWh to approximately 3 
cents/kWh. This discrepancy allowed very large profits for the QFs at 
the expense of utility ratepayers. However, had the utilities not 
signed such QF contracts, their alternative options at the time were 
to build very costly nuclear and coal plants; so, in fact, the rate 
impacts of the above-market QF contracts are often overstated com-
pared to the utilities favoured alternatives at the time. Nevertheless, 
determining an appropriate level of avoided costs is essential for a 
successful independent power programme. 

Fixed vs. variable payneuts 

Though the fixed avoided-cost 1SO4 contracts turned out to he 
expensive in retrospect, the fact that they guaranteed a fixed 
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revenue stream greatly increased the QFs financial security, which 
was in turn reflected to some degree in lowered finance costs and 
hence lowered power plant costs. And, in fact, for renewable power 
plants which were (arid often still are) considered highly risky, it 
may not have been possible for many renewable plants to be 
financed at all were it not for the security offered by the fixed 
payment streams. This therefore highlights the trade-off between 
Fixed payments and variable payments. Fixed payments are more 
secure and are thus more successful at stimulating power plant 
development, particularly for technologies considered to be risky. 
Variable payments which fluctuate (in line with current gas or oil 
prices, for example) entail substantially greater risk for the developer 
and thus may prevent many projects from ever being built, but they 
do help to avoid windfall profits (either for the utility or the inde-
pendent developer) as a result of fluctuating avoided costs, as 
occurred under the 1SO4. 

U,mliinitr'd contracts vs. /,(c/iim 
When the standard offer contracts were first proposed, no 
maximuni amount of contracted QF capacity was specified as the 
level of activity was expected to be small. By the time the need for a 
cap on capacity was recognised, far more QF contracts had been 
signed than the CPUC had intended, in large part due to the gener-
ous ternis offered. This danger of oversubscription can he avoided 
through a bidding process which restricts the maximum number of 
contracts to be signed if available supply exceeds demand. This was 
the direction pursued in California for the Final Standard Offer 4 
(FS04) contract, as a successor to the 1504. 

Fax incentives 
In addition to PURPA, tax incentives have been the other driving 
force of renewable energy development in the USA. The following is 
a list of some of the most important tax incentives available at 
various times for renewable energy. 

Federal tax credits and depreciation allowances 
The Energy Tax Act of 1978 provided a business tax credit of 15 per 
cent for certain energy technology investments, including many 
renewable technologies like wind power. These credits were in place 
through 1985. A generic business investment tax credit (ITC) of 



86 tVind Ew/x'y in the 21' Century 

10 per cent was also in force at the time and was available until 
1986. Furthermore, a five-year accelerated depreciation of invest-
ments was allowed through the accelerated cost recovery system 
(ACRS) established as part of the Economic Recovery Act of 1981. 
The JTC and ACRS were available for all types of investments (not 
just energy and not just renewables) but were particularly valuable 
for renewable energy projects entailing high capital costs (Cox et. 
al., 1991). Other tax credits were in force for customer-sited renew-
ables such as photovoltaics (PVs) and solar hot-water systems, Most 
tax advantages for renewables were eliminated by the 1986 Tax 
Reform Act, but the Energy Policy Act of 1992 instituted a 1.5 
cent/kWh production tax credit for wind and closed-loop biomass, 
and pernianently extended the 10 per cent business energy invest -
ment tax credit for non-utility investment in solar and geothermal 
facilities (Wiser and Pickle, 1997a). The production tax credit 
expired in June 1999 hut, as of the time of this writing, was widely 
expected to be renewed by the US Congress. 

Slote tax juno fives: Cali[inthi 
Various states also provided tax incentives in addition to those pro-
vided by the federal government. In California, the available tax 
incentives for renewables included a 25 per cent energy investment 
tax credit which was available through 1995, was reduced to 15 per 
cent in 1996, and expired at the end of 1996 Accelerated depreci-
ation for state tax purposes was also available. 

As a result of these federal and state tax advantages, during the 
mid-1980s an investor in a California wind energy plant could 
recover 60 to 80 per cent of his investment entirely through tax 
advantages, even if the l)o'cr  plant never generated ally electricity 
(Cox et. al. 1991), and in sortie cases the tax write-offs could be as 
high as 90 per cent of the investment (Righter, 1996). Predictably, 
the result of such generous tax benefits was mixed. Combined with 
the generous power purchase contracts available under PURPA, 
investment in renewable energy projects could be highly profitable. 
But with many projects (particularly wind) being developed primar-
ily for tax shelter purpose, project performance in terms of electric -
ity generation was often far below expectations. It was to avoid such 
abuses that tax incentives were changed from capital cost-based tax 
credits to production-based credits in 1992. 
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Other government incentive programmes 
The federal and various other state governments also provided other 
assistance for renewable power projects. These included loans and 
loan guarantees from the federal Small Business Administration, 
state sales tax exemptions, local property tax reductions, and special 
technical assistance under programmes like the Wind Energy 
Systems Act of 1980. 

Research and development 
This chapter does not look in detail at countries renewable energy 
research and development programmes, as they are not directly 
related to establishing working renewable energy projects. Tlowever,  
a few observations are worthwhile regarding the USAs renewable 
energy R&D programme. Over the last 20 years, US government 
expenditures on renewable energy R&D (expressed in terms of 1991 
dollars) have varied between a high of approximately $900 million 
in 1980 and a low of slightl y  over $101) mill ion in 1990 (EtA, 
-1992). In 1995, the US governments renewable energy R&1) 
expenditure was $393 million (in 1995 dollars), allocated approxi-
mately 54 per cent to solar, IS per cent to bionnass, 12 per cent to 
wind and 10 per cent to geothermal (TEA, 1997b). Despite the IJSAs 
very large investment in renewable energy technology R&D, very 
little actual implementation of new renewable energy projects has 
taken place during the last decade. And as outlined earlier in this 
chapter, the USAs large investment in wind energy R&D has not 
translated into a successful commercial wind turbine industry, par-
ticularly in corn parison to Den mark'.s low R&l) spending but high 
commercial success. This demonstrates that R&[) programmes on 
their own are generally of limited value in creating successful renew-
able energy projects, unless they are combined with more market-
orien ted support. 

California renewables system-benefits charge 
The mechanisms described above mostly reflect past pohcies which 
were responsible for the creation of the US (and particularly 
Californian) renewable energy industry. After the end of generous 
tax credits and the suspension of new California long-term PUR1'A 
contracts in the mid-1980s, US renewable energy activity declined 
significantly and has remained at a low level for the past decade. 
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However, with the advent of electricity industry restructuring over 
the past few years and the arrival of full retail-level competition in 
California, significant new attention is again being turned towards 
renewable energy. As with PtJRPA and with tax incentives, 
California has again taken the nationwide lead in terms of restruc-
turing its electricity industry. This section highlights some of the 
new policy developments in California and shows how they affect 
the renewable energy market, 

The key reform in California has been the advent of retail compe-
tition such that, as of March 1998,   all electricity customers are free 
to choose their electricity supplier. Utilities have lost their retail 
monopolies and must compete against a wide array of energy 
providers, including other utilities, to sell electricity to their cus-
tomers. California utilitie.s have substantially been divested of their 
generation assets, and generation contracts are now structured 
either as bilateral direct-access contracts or as sales to the California 
Power Exchange spot market. Utilities Continue to own their trans-
mission grids but have transferred control to the California 
Independent System Operator who manages the entire states trans-
mission grid and power plant dispatch. Utilities continue to own 
and operate their local distribution grids but must provide non-dis-
criminatory access to any CC)mpetilig electrieitv retailer, 

In terms of renewable energy, there has been significant concern 
that, without some form of continued government-mandated 
funding, the entire established California renewable energy industry 
may not survive in the new competitive market. As a result, a new 
renewables support mechanism has been adopted to collect a total of 
$540 million from electricity customers between 1998 and 2002 to 
support existing, new and emerging renewable electricity generation 
technologies California Assembly Bill, no. 1890, Cli. 854, 
1996). These funds are collected by the utilities through a non-bypass-
able charge on distribution service (often cal led a system benefits 
charge). Allocation of these funds to individual projects has been 
made the responsibility of the California Energy Commission (CEC). 

The CLC has divided the funds into four primary categories: exist-
ing technologies (projects operational before 23 September 1996), 
new technologies (projects operational after 23 September 1996), 
emerging technologies and consumer credits. The allocation of funds 
to these four categories has been established as follows (CF.C, 1997); 
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• Existing technologies. The existing technology funds provide 
support to already existing pro)ects which continue to require 
financial support to remain operational. The existing technolo-
gies are further divided into three tiers, in which Tier 1 (currently 
least cost-effective technologies) includes hiomass and solar 
thermal projects, Tier 2 includes wind and Tier 3 (currently most 
cost-effective) includes geothermal, small hydro, digester gas, 
landfill gas and municipal solid waste. For the existing technolo-
gies, incentives are paid on a per-kWh production basis, and the 
aniount is determined by the lesser of (a) the administratively 
determined target price minus the market clearing price, or (b) 
available funds divided by generation, or (c) specified produc-
tion-incentive caps. The target price is set highest for Tier 1 
(5 cents/kWh in 1998 declining to 3.5 cents/kWh in 2001), while 
the Tier 2 and Tier 3 target prices are 3.5 cents/kWh and 
3.0 cents/kWh, respectively, furthermore, the production- incen-
tive cap for all tiers is 1.0 ccitt/kWh except for Tier I in 1998-9, 
for which the cap is 1.5 cents/kWh. 

The CEC provides the following example for how to calculate 
the incentive for existing projects (CEC, 1997, pp.  29-30): 

Assuming that the total level of generation by certified solid-
fuel biomass and solar thermal suppliers during a monthly 
payment period is 300 GWh, the available funds during that 
period are $3 million, and average market clearing price levels 
are 3.2 cents/kWh, the results of the three tests described 
above (for 1998) will he as follows. (1) Target price minus 
market clearing price levels equals 5.0 cents/kWh ririnus 
3.2 cents/kWh = 1.8 cents/kWh; (2) Available funds divided 
by eligible generation equals S3 million - 300 million 
kWh = 1.0 cent/kWh; (3) The production incentive cap is 
1.5 cents/kWh. Based on the lesser of these three calculations 
determined in this case by available funds divided by genera-
tion, the pToduction incentive for technologies in Tier 1 
would be set at 1.0 cents/kWh for that month. 

These subsidies for existing projects disappear after the year 2001, 
requiring all existing technology projects to survive within the 
open market. Note also that any repowered PURI'A projects 
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holding S02 or S()4 contracts are also classified as existing tech-
n olog ics. 

New technologies. For new technologies (projects operational 
on or after 23 September 1996), all technologies are treated 
within the same category, and funds are allocated based on a 
simple auction, with funds allocated to those projects requ ring 
the least support. In other words, higher-cost technologies like 
solar or hioinass do not receive any preferential treatment over 
cheaper technologies like digester gas, in the case of new tech-
nologies. Investors are thus expected to invest in the most cost-
effective technologies as dictated by the market, with no 
technological preference indicated by the state. Production 
incentives are subject to a maximum cap of 1.5 cents/k'iVIi and 
will be awarded to the lowest-cost bidders up to the point where 
funds are exhausted. For projects awarded incentives, these 
incentives are to he paid out over a five-year period subsequent to 
proiect commissioning. 

• Emerging technologies 	'Lnierging technologies are classified 
to include photovoltaics, solar thermal electricity, small wind tur-
bines of 10 kVV or less, and fuel cells using renewable fuels. Funds 
for this category are distributed on a project-by-project basis 
through issuance of specific requests for proposals Forms of assis-
tance are flexible, based on the needs of the individual projects, 
and could include, for example, consumer financing assistance, 
loan guarantees or interest-rate buydowns, per-kwh production 
iileenti Yes, or capital-cost huvdowns. 

Consumer-side account. The fourth category, consumer 
credits, are meant to help stimulate an active 'green' retail market 
in which consumers choose to purchase electricity from renew-
able energy suppliers. Consumers who choose such green power 
can receive an incentive applied to their electricity bills which is 
determined by the lesser of (a) available funds divided by eligible 
renewable generation, or (b) a 1.5 cent/kWh incentive cap. The 
green electricity market is described further below. 

The (lEGs distribution allocation is based on the need to support 
technologies with widely differing characteristics and levels of 
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maturity, and to keep the renewable energy industry's existing pro-
jects alive while stimulating new additional developments. How 
successful the strategy will be is unclear, as its implementation is 
just beginning. However, the level and duration of funding do raise 
concerns. The Union of Concerned Scientists has argued that the 
overall $540 million funding level will be insufficient to maintain 
the present aggregated level of noll-hydro renewahles in California 
(CPUC, 1997). Though nothing prevents funding levels from being 
increased in the future, there is no current sign of this happening; 
and in anY event the uncertainty over future funding beyond 2001 
is likely to place great strain on financing any new projects 
Iurtfierinore, the (IC's guidelines for new projects stipulate that 
new prc jects will receive funding for only five years after commis-
sioning. However, the UK's early experience with the NFFO (dis-
cussed later in this chapter) showed that contracts of even seven 
years were too short to obtain reasonably priced finance for projects. 
In other words, the short funding period provided by the California 
legislation (to stimulate a rapid transition to a fully competitive 
market) may in itself prevent renewable energy projects from devel-
oping sufficiently to become competitive. 

Green marketing 
In conlunction with and in addition to the sy%teni benefits charge-
based funding described above, the other interesting (and possibly 
more important) development in California is the emergence of the 
green power market. Green marketing allows consumers to volun-
tarily chcose to l)Y higher electricity prices to ensure that their 
electricity is generated using renewable energy technologies. In the 
competitive California retail electricity market, environmental 
friendliness could potentially heconie one of the major marketing 
tools for electricity retailers, particularly for serving residential and 
small commercial customers whose energy consumption is relatively 
low and not very sensitive to energy prices. As of late 1999, green 
power was being offered in the residential market by several compa-
nies, including Cicen 'n Green Energy (Preferred Energy Services), 
Commonwealth Energ, Edison Source, Green Mountain Energy 
Resources, Keystone EnergY Services, New West Energy, PG&E 
Energy Services and the Sacramento Municipal Utilities District, 
wliilc others such as the Environ mental Resources Trust, Foresight 
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Energy Company and the Automated Power Exchange Green Power 
Market had established green power services for the wholesale 
market (EDF, 1999). 

Beyond California, several utilities around the USA are implement-
lug green marketing programmes for wind energy. These include 
Public Service Company of Colorado, Central and Southwest 
Corporation in Texas, Fort Collins Lighting & Power in Colorado, 
Dakota Electric in Minnesota and Traverse City Light and Power in 
Michigan (Wind Energy Weekly, 1996-1997). Many utilities have 
also offered green marketing programmes for lJhOtOvoitaiCS (Wiser 
and Pickle, 1997b). In general, such green marketing programmes 
have so far been modest; and though some programmes have been 
enthusiastically received and others are still just getting started, 
overall customers do not appear to he ]oining green marketing pro-
grammes at the high rate indicated by responses to surveys of their 
willingness to pay for renewable energy. Such programmes may 
therefore still require more time and publicity before beginning to 
have a real impact; but increased marketing associated with liberalisa-
tion in states like California could greatly increase this momentum. 

Renewables portfolio standard 
In addition to the California system benefits charge-based renew -
ables programme and green marketing campaigns described above, 
the third support mechanism for renewables receiving attention in 
the USA is the Renewables Portfolio Standard (RPS). Under the RPS, 
all retail power suppliers would be required to obtain a certain 
minimum percentage (for example, 10 per cent) of their electricity 
from renewable energy, in the form of renewable energy credits' 
(REC5). An REC would he a type of tradable credit representing one 
kWh of electricity generated by renewables. Electricity retailers 
could obtain RECs in three ways. (1) They could own their own 
renewable energy generation, and each kwh generated by these 
plants would represent one REC. (2) They could purchase renewable 
energy from a separate renewable energy generator, hence obtaining 
one REC for each kWh of renewable electricity they purchase. or (3) 
they could purchase RECs, without purchasing the actual power, 
from a broker who facilitates trades between various buyers and 
sellers. In other words, RECs are certificates of proof that one kWh 
of electricity has been generated by renewables, and these RECs can 
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he traded independently of the power itself. The basic idea of the 
RPS is both to ensure that a certain minimum percentage of electric-
ity is generated by renewables and to encourage maximum 
efficiency by allowing the market to determine the most cost-
effective solution for each electricity retailer: whether to own renew-
able generation, purchase renewable electricity, or buy credits, and 
what type of renewable technology to use (Rader, 1996). 

The idea for trading RECs is based on the emissions trading 
concept used in the 1990 Clean Air Act Amendments in which total 
national sulphur emissions are capped, and emission permits are 
issued to allocate the total allowed emissions amongst polluters. 
[hose who are able to reduce their sulphur emissions cheaply can 
do so and sell their excess emission perni its, while those for whom 
emission reductions are costly can avoid reducing emissions by pur-
chasing excess permits from others, thus encouraging the most cost-
effective overall emission reductions. With the RPS, because each 
REC would represent one kWh of electricity generated somewhere 
with renesvables, an electricity retailer who purchases ItECs from a 
broker without actually purchasing renewable electricity would still 
he ensuring that the renewable electricity is generated somewhere 
within the state or country. Though the RI'S was considered and 
ultimately rejected in California in favour or the system benefits 
charge system described above, various versions of the RPS have 
been approved by state legislatures and/or public utility commis-
sions in several US states including Maine, Nevada, Massachusetts, 
Vermont and Arizona (solar only) (Rader, 1997; Windpower 
Monthly, 1998d). Several federal utility-restructuring bills under 
consideration by the US Congress also include provisions for an RPS. 

USA lessons learned 
The experience with promoting renewable energy in the USA pro-
vides a wide variety of lessons, which are summarised here. 

)'URPA 
As outlined earlier in the discussion on PURPA, the PURPA experi-
ence highlighted: (a) the importance of providing reliable power 
purchase contracts which provide a predictable revenue stream; 
h) the importance of establishing appropriate avoided costs as a 
means of setting contract prices; (c) the trade-off between providing 
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stable fixed-price contracts and more flexible variable-price con-
tracts; and (d) the benefits of bidding or some other mechanism to 
restrict total capacity and encourage cost reduction. 

Tax credits 
The success of US renewable energy tax credits has been decidedly 
mixed. In retrospect, it can be said that generous capital cost-based 
tax credits reduced the incentive for developers to build reliable pro-
jects arid in some cases encouraged outright fraud. On the other 
hand, the generous tax credits were in many ways responsible for 
the creation of the modern wind energy industry. Without such 
generous incentives, it is unclear whether investors would have 
chosen to invest in such risky and untried technologies. 
Nevertheless, as the industry has matured, there is now little need 
for the level of incentives provided by the USA in the early years. 
The shift to production-based tax credits and the much more 
limited scope of current credits reflects a shift towards greater 
emphasis on cost-effectiveness and reliable production. Where 
capital cost-based incentives are provided, they must be carefully 
monitored by an effective regulator. 

Policy Stability  
One of the chief drawbacks of US renewable energy policy has been 
its continuously shifting nature, varying between over-generous 
incentives and virtually no incentives. Such boom-and-bust cycles 
encourage speculation by short-term profit-seekers and do little to 
promote a sustainable cost-effective renewable energy industry. The 
suspension of S02 and SO4 PURPA contracts and the elimination of 
tax credits in the mid-i 980s led to widespread bankruptcies and 
contributed to the loss of much valuable experience. It is therefore 
essential that incentives and policies be modest and stable, with 
emphasis on long-term development. 

The clearest exaniple of the need for policy stability is the experi-
ence of LUL International, the world's leading developer of para-
bolic-trough solar thermal power plants during the 1980s. Following 
the elimination of federal and California renewable-energy tax 
credits in 1986, the US Congress extended the 10 per cent federal-
investment tax credit on a temporary year-to-year basis, but the tax 
credit's existence could not he assumed beyond any given year. 
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Furthermore, California maintained a 25 per cent investment tax 
credit which would only be effective as long as the federal tax credit 
remained in place. Thus LUZ, which was building one solar thermal 
electric facility in California per year, was required to obtain the site 
licence, raise capital and build the entire power plant within one 
year to ensure the availability of the tax credits for each project. 
Such year-to-year uncertainty significantly raised LUZ's costs of 
building projects and also made the company highly vulnerable to 
changes in policy. In 1989, amid great uncertainty regarding exten-
sion of tax credits and resulting cost overruns, investors lost 
confidence and began backing out, leading LUZ into bankruptcy 
(\Viser and Pickle, 1997a). Again, years of experience, investment 
and expertise were needlessly lost in this process as a result of policy 
instability; and development of solar thermal electricity has been 
stalled ever since. Similarly, in mid-1999, the US Congress allowed 
the 1.5 cent/kWh wind energy-production tax credit to expire. 
Although eventual renewal of the production tax credit was widely 
expected, nonetheless, the uncertainty surrounding this caused 
another boomand-bust cycle. I.ate 1998 and early 1999 witnessed a 
dramatic jump in new wind power projects as developers rushed to 
commission their projects before the tax credit's expiration. This 
was followed by a major drop in activity and job losses in mid-1999 
as new wind plant orders evaporated following the expiration. 

Research and development 

Though the USA has invested vast sums of money in renewable 
energy R&D over the years, its failure to provide stable and reliable 
markets for renewable energy has meant that R&L) expenditure has 
not translated into operating commercial projects. R&D must he co-
ordinated with appropriate market-stimulation policies. 

Electric industry restriicturiii' 
Significant thought has been applied to renewable energy's fate in 
restructured competitive markets. 1-lowever, in spite of this, 
California's renewable energy policy for its new market has been 
greeted with scepticism for several reasons. First, incentives for new 
projects are to be paid for only five years, far too short to effectively 
reduce project risks and lower financing costs. Second, beyond the 
four-year transition period' from 1998 to 2001, no further support 
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is envisioned for rcnewahles, which will he entirely dependent on 
the green' market to compete against conventional power plants. 
Given the green market's highly uncertain size and stability, little 
renewable energy development can take place unless project devel-
opers are able to takc on large amounts of risk on their own balance 
sheet. Notably lacking in all restructuring efforts has been the 
implementation of a stable contractual mechan l sm to ensure long-
term sustained development. 

UK 

The UK has promoted renewable energy technologies through its 
Non Fossil Fuel Obligation (NFFO), first introduced in 1990 subse-
quent to the privatisation of its electricity supply industry. The 
NFFO was originally created as a support scheme for the country's 
existing nuclear power plants, which could not otherwise survive in 
the new competitive electricity market; but the NEFO has also 
emerged as a powerful mechanism for promoting renewable energy. 
The rcnewables NFFO sets aside a certain portion of the electricity 
market to be supplied by designated renewable energy lechnologies. 
Within each technology band (wind, biornass, landfill gas and so 
on), developers submit bids of proposed projects; and the lMOiects 
with the lowest per-kWh bid price are awarded power purchase con-
tracts. Regional electricity companies ( ItECs) are mandated to pur -
chase power from NFFO-awarded renewable electricity generators in 
their service area at the premium price deterniined through the 
bidding process. The RECs are reimbursed for the difference between 
the NFFO premium price and their average monthly power-pool 
purchasing price through the Fossil Fuel levy which is collected 
from all electricity consumers (Mitchell, 1995). 

Though it has riot been without its faults or controversies, the 
NFFO is to date the most famous and most successful example of a 
'market-oriented' competition-based approach to renewable energy 
promotion and incorporates many of the most important lessons 
highlighted in the discussion of US experience above. In particular, 
the NEFO heeds the following three lessons: 

• Some level of contmct stability  is necessary to attract finance for - 
risky capital-intensive projects like renewable energy which 
produce electricity at above-market costs. 
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• Some forin of competition, bidding or ratcheting-down of incen-
tives is useful for stimulating technological innovation and cost 
reduction. 

Production incentives paid on a per-kWh basis are more effective 
and cost-effective than capital cost-based incentives. 

The NITO is implemented through periodic auctions, of which five 
had been carried out as of 1998. The NFFO has not only been suc-
cessful at stimulating substantial numbers of renewable energy pro-
jects, but its competitive Process has also stimulated rapid 
reductions in the electricity price demanded by projects. Though 
the exact nature of the allowable technologies and contracting 
structure has changed over time, Table 7.1 summarises the number 
of projects established and the drop in prices achieved between 
1990 and 1997. 

As shown, the NEFO has been successful in stimulating a 
significant amount of renewable energy development at reasonable 
cost and in creating a viable renewable energy industry where none 
previously existed. The cost of wind energy declined from a highest-
awarded hid price of 10 UI< pence/kWh in 1990 down to an average 
bid price for large projects of 3.53 pence/kWh in 1997. And by the 
1998 NEFO round 5, the average price for large wind projects further 
declined to 2.88 pence/kWh (BWEA, 1999). However, Mitchell 
argues that the particular competitive system used in awarding con-
tracts has been bureaucratic and in some cases expensive, compared 
to the non-competitive systems used in Denmark, the Netherlands 
and Germany (Mitchell, 1995). Therefore, though one cannot neces-
sarily equate 'competitive' with 'cheap', the NFF() does demonstrate 
one of the few successful working models for providing stable 
renewable energy contracts within a privatised competitive electric-
ity-industry structure. 

The following highlight sonic of the key lessons learned through 
the NFFO process (Mitchell, 1995): 

In early NFFO rounds, contract duration was limited to end in 
1998, resulting in very short contracts which greatly raised the 
cost of fiuiance. Starting with the NFEO round 3 in 1994, contract 
lengths were increased to 15 years, significantly easing financing 
terms. In general, however, small renewable energy projects have 
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had difficulties in attracting finance even in spite of the NFFO. A 
successful financing mechanism is therefore critical, especially for 
small projects. 

The highly competitive nature of the NITO, its stopstart auction 
process, and the initial limitation of premium payments up to 
1998 required projects to be developed very quickly with limited 
public planning input. In the case of wind energy, such develop-
ment occurred at sites with very high wind speeds, often located 
in scenic areas. The lack of co-ordination between the NFFO and 
local planning procedures has been significantly responsible for 
the well-publicised local backlash against visually intrusive wind 
power developments. The competitive process also has favoured 
more visually intrusive (but more cost-effective) wind farm pro-
jects over the single-turbine individually or co-operatively owned 
projects frequently found in Denmark, which are typically niuch 
more acceptable to local communities. 

• There has been limited overlap between the technologies sup-
ported by the NFFO and those supported through government 
R&D funding. As a result, few of those technologies supported in 
the R&l) stage have found subsequent commercial markets. 
Better co-ordination of R&I) and market support programmes 
like the NfFO could result in inUre effective government spend-
ing on renewables. 

• Vast oversubscription of the NFFO auctions has meant that many 
developers who prepared projects did not ultimately secure con-
tracts, resulting in significant uncertainty, wasted effort and 
hardship on the emerging industry. 

• Despite its success in lowering renewable energy prices, a transi-
tion strategy has still not been identified for many renewable 
energy technologies to move from the protected NFFO world to 
the competitive open market. How renewable energy will fare 
once NFF() subsidies end is still not clear. Technologies like 
waste-to-energy and in some cases wind may he approaching via-
bility in the open market, but others such as biomass are still far 
from achieving commercial competitiveness. Other technologies 
such as PV have not yet reached the stage of even being cost- 
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effective enough to qualify for the NFFO. Concerns about the 
ultimate transition to the open market has also served to high-
light the need for clear and fair pricing in all areas of the electric-
ity grid, including appropriate compensation to locally generated 
renewah]e electricity for avoiding transmission and distribution 
requirements. 

As the premium contracts signed for renewables under NFFO 
rounds 1 and 2 expired at the end of 1998, the issue of how such 
projects will make the transition to the open market is a very real 
one. One strategy being pursued is for renewable generators to pooi 
their projects in the Renewable Generators Consortium to negotiate 
collectively with retail electricity suppliers selling to the 'green' 
market (Windpower Monthly, 1998d). In the UK, as in California, 
full retail-level competition was being introduced in 1998, stimulat-
ing interest by electricity retailers to differentiate their product by 
offering 'environmentally friendly' electricity services. How the 
green market will evolve in the UK is not yet clear, but it is also 
raising the issue of how competitive green marketing on the open 
market should coexist with the protected NFFO market. Renewable 
projects holding current NFFO contracts are required to sell their 
output to the local regional electricity company and may not sell to 
any other retailer even if a higher price is available. Thus, green 
marketers can have difficulties finding sufficient available suppliers 
of green power even if they are able to attract sufficient purchasers. 
Such issues are yet to be addressed. 

The Netherlands 

The Netherlands has traditionally been one of the leaders in renew-
able energy development, with particular emphasis on wind energy. 
Through the 1980s the Netherlands ranked third in the world in 
installed wind capacity after the USA and Denmark. Support for 
wind energy in the Netherlands has included both R&I) grants 
(starting in the 1970s) and a variety of market-stimulation mecha-
nisms. Initial market-stimulation programmes in the 1980s included 
the Integrated Programme Wind Energy (IPW), which provided a 
subsidy of 35-4() per cent of investment costs for newly built tur-
bines, and the 'MilieuPremie' environmental bonus from the 
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Ministry of I -lousing, Physical Planning and Environmental 
Management VROM) which provided capital subsidies for wind tur-
bines in selected suitable areas and a bonus for low-noise turbines. 
The IPW was replaced in 1990 by the support programme 
Application of Wind Energy in the Netherlands' (TWlT), which 

provided further subsidies for technology development and market 
stimulation and which lasted until 1996 (Wolsink, 1996). 

In addition, in 1990 the Dutch government set new goal.s to 
reduce CO 2  emissions and encouraged utilities to introduce 
Environmental Action Plans (MAPs) to invest in energy conserva-
tion, renewables and CO 2  reduction. The MAPs were funded by a 
wires charge on distributed electricity and stimulated new wind-
capacity development, though efforts were ham pered by utilities' 
difficulties in securing adequate sites and their reluctance to pur-
chase power from independent generators at a sufficiently high buy-
back tariff (Wolsink, 1996). 

Dutch renewable energy policy has been significantly modified 
during the last few years and is substantially affected by liheralisa-
tion of the Dutch electric utility industry. Direct subsidy pro-
grammes such as the TWIN were eliminated in 1996, but several 
other more market-oriented mechanisms have been put in place to 
encourage the development of an environmentally conscious' 
economy. These mechanisms include those listed below (Kwant, 
1996; Novem, 1998). 

Green funds 
Since january 1995, several banks have been offering green funds' 
in which the public can invest at an average interest rate of approxi-
mately 4 per cent per year. This interest is free of income tax for 
investors, allowing banks to pay a lower interest rate to investors 
than for other investments. In return, the green funds are obliged to 
invest a minimum of 70 per cent of their capital in green projects', 
which include most renewable energy technologies, including wind. 
Project developers must apply for 'green certification' from the 
Ministry of VROM before they can access capital from green funds, 
which can he borrowed more cheaply than standard loans due to 
their tax-free status. As of late 1996, the public had invested NIG 
900 million in green funds, and these investments are primarily 
supporting wind energy and district heating projects. 
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Accelerated depreciation 
The Accelerated Depreciation on Environmental Investments 
Scheme (VAMIL) was introduced in September 1991, and, as the 
name suggests, allows environmental investments (including wind 
energy technologies) to be depreciated more rapidly than under 
normal depreciation rules, thus reducing taxable income during pro-
ects' initial years and improving cash flow. 

Regulating Energy Tax 
This tax was introduced in 1994 and is imposed on households and 
small businesses for electricity and natural gas consumption when 
their consumption rises above a certain minimum level. The tax, as 
of 1998, kicks in only for electricity cinsumption in excess of 800 
kWh per year and gas consumption in excess of 800 m' per year, so 
highly efficient consumers can avoid paying the tax. The tax 
amounts to an approximate increase of 15 per cent in electricity 
prices and 25 per cent on gas, though these are planned to be 
increased in the future. In addition to encouraging energy conserva-
tion, the tax also supports renewable energy because the Regu'ating 
Energy Tax collected on electricity generated by renewables is paid 
directly to the renewable generator as an incentive, rather than to 
the government. 

Green electricity 
This concept is identical to the green marketing concept outlined in 
the discussion on the USA earlier in this chapter, in which cus-
tomers voluntarily choose to pay a higher price for electricity gener-
ated by renewable technologies. In late 1996, the price premium for 
green electricity was on the order of 0.04-0.08 NLG/kWh above the 
average standard tariff of 0.285 NLG/kWh (as of November 1998, 1 
US$ = approximately 1.9 NLG). The World Nature Eund monitors 
and certifies the renewable energy content of the green electricity 
schemes. The Dutch government is also proposing to reduce the 
value-added tax rate for green electricity from 1 7.5 per cent down to 
6 per cent to help offset the price premium paid by the consumer. 

Green labels 
Perhaps the most interesting development is that, as part of the lib- 
eralisation process and as part of the MAP 2000 covenant between 
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the government and utilities to increase renewable electricity's 
market share, a tradable 'green labels' market has started, as of 
January 1998 Windpower Monthly, 1997). Under current laws, 
local energy distribution companies (IEDC5) must purchase renew-
able electricity from independent power generators at a price based 
on the current wholesale pool price of electricity (currently around 
0.08 Nl(;/kWh) and the Regulating Energy Tax refund (approxi-
mately 0.03 NLG/kWh). However, under the new programme, in 
addition, the LEDCs must issue green labels to the renewable gener-
ator, based on the number of renewable kWh sold to the grid (one 
green label represents 10 000 kWh of renewable electricity). The 
renewable generator can then sell these green labels on an open 
market to distribution utilities who will all he required to own a 
certain quota of green labels as part of their agreement with the gov-
ernment. With wind energy, for example, given current production 
costs of approximately 0.16 NLG/kWh and current payments from 
utilities of approximately 0.11 NLG/kWh (0.08 pool price plus 0.03 
Regulating Energy Tax refund), the renewable generator would have 
to sell its green labels for at least 0.05 NLG/kWh to realise a profit 
(Windpower Monthly, 1998e). 

Utilities can fulfil their renewahies quota commitments in three 
ways: by developing their own renewable power plants, by negotiat-
ing bilateral agreements with independent producers, or by purchas-
ing green labels on the open market. This mechanism is similar to 
the Renewabtes Portfolio Standard (RPS) mechanism being contem-
plated in the USA and essentially reserves a certain percentage of the 
electricity market for renewable energy within an otherwise liber-
alised market. However, unlike the RPS, the Dutch green labels 
scheme guarantees that all renewable generators can sell power to 
the grid at an assured price, thus removing some of the market 
uncertainty of the RI'S but simultaneously perhaps reducing the eco-
nomic incentive to reduce renewable energy costs. 

The Dutch experience thus incorporates a wide variety of mecha-
nisms for promoting renewables. Some current efforts such as the 
green funds and green labels programmes represent creative and 
exciting new initiatives. However, the Dutch programme has suf-
fered some similar drawbacks as the US programme, such as lack of 
policy stability and difficulty for independent producers negotiating 
acceptable contracts with utilities. The past few years have seen 
Dutch wind energy activity drop off drastically as previous subsidies 
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were eliminated and not replaced by sufficient new incentives. 
Initial activity in the green label market has provided generous 
prices (Windpower Monthly, 1998e), but whether such prices will be 
sustained and will provide the necessary financial stability to stinlu-
late significant new prolects remains to he seen. As of late 1998, few 
trades in green labels have actually taken place (Wolsink, 1998). 

The Netherlands has also suffered similar wind turbine siting 
difficulties as in the UK, with local groups often opposing new 
developments in spite of a general philosophical support of green 
energy. This difficulty may he attributed in part to an emphasis on 
centralised utility-based wind energy development, which is not 
well-equipped for addressing nlany local planning concerns 
(Wolsink, 1996). Dccentralised solitary wind turbines have also been 
the sublect of protests, however, with the accusation that too many 
dispersed turbines lead to 'horizon pollution' (Windpowcr Monthly, 
1998f). More recently, wind energy planning and implementation 
responsibilities have been shifting increasingly from central author -
ities to a more local level, and this is expected to facilitate wind 
plant siting to some degree (Wolsink, 1998). 

With the combination of policy instability, declining incentives and 
siting difficulties, actual wind energy installation in the Netherlands 
has been well below official government targets in the past few years. 
Recently, the government reduced its target for installed wind capacity 
from 1000 MW down to 750 MW in the year 2000, but this revised 
target may also be difficult to achieve in practice. 

Denmark 

Denmark's renewable energy promotion strategy has concentrated 
primarily on wind energy and to a lesser de.gree on biomass-based 
combined heat and power. Denmark's wind energy policies have 
been markedly different from those described above for the USA, UK 
and Netherlands. Stable policy has been a notable feature of 
Denmark's wind programme, providing a reliable home market 
unlike most other countries. This, combined with an emphasis on 
techno'ogy reliability, has enabled Denmark to become the world's 
dominant wind turbine manufacturing country, achieving a 60 per 
cent world market share in 1996 (BTM Consult and Danish Wind 
Turbine Manufacturers Association, 1996). 
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Incentives for wind energy in Denmark vary according to owner -
ship, which can be divided into three categories: wind energy 
co-operatives, private ownership, and utility ownership. For 
co-operatives and private owners, incentives include the following: 
(I) guaranteed power purchase contracts with utilities in which util-
ities pay generators 85 per cent of the local retail price of electricity, 
amounting to approximately 0.33 DKK/kWh; (2) refund of 
0.17 DKI</kWh energy tax; (3) refund of 0.10 DKK/kWII CO 2  tax. As a 
result non-utility-generated wind power receives a total payment of 
approximately 0.60 DKK/kWh (Morthorst, 1996), or 0.091 US$/kWh 
at the average 1997 exchange rate of 6.608 DKK per US$. 

Furthermore, individual persons who participate in wind energy 
co-operatives can own up to 20 000 kWh/yr -worth of shares in the 
co-operatives, of which the first 3000 DKK/yr of income is tax-free 
(and the remainder taxed at a 60 per cent rate). To the extent that 
the wind power purchase contracts increase the cost of electricity, 
these costs are passed on to utility ratepayers. Lastly, any grid rein-
forcement which may be required as a result of non-utility wind 
power installations is paid for by the utilities. 

Utility-owned wind power projects do not benefit from preferential 
tax treatment or from any refund of the energy tax, though utilities 
can obtain refunds of the CO tax. Less incentive exists for utilities to 
build wind projects than for co-operatives and private owners. 
Nevertheless utilities are committed to building more wind power as 
part of an agreement with the Danish government. In 1995, approxi-
mately 30 per cent of total installed wind-energy capacity was utility- 

- owned (Vindmolleindustricn, 1997). Total installed wind-energy 
capacity in Denmark in late 1998 was over 1400 MW, providing 9 per 
cent of total Danish electricity production. 

A major difference between Danish wind turbine ownership and 
that of other countries has been Denmark's emphasis on local 
project ownership by individuals and through wind energy co-oper-
atives, with lesser emphasis on large wind farms. This approach, 
while more expensive, has niade it possible for local populations to 
benefit economically from wind power and has thus successfully 
reduced the local opposition to wind power development that has 
plagued other countries. Nevertheless, opposition is growing as the 
number of installations increases, and siting is becoming increas-
ingly difficult given Denmark's small geographic size. New develop-
ments are therefore shifting towards offshore wind farms by 
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utilities, thus potentially shifting development away from tradi-
tional small-scale local ownership. 

Denmark's other emphasis in renewable energy has been with 
biomass, pursuing increased use of combined heat and power (ClIP) 
produced using primarily straw and wood chips. This strategy com-
plements Denmark's traditional emphasis on district heat and on 
combined heat and power within its fossil fuel-based generation. 
The extensive use of combined heat and power also adds a degree of 
operational flexibility to the Danish electricity system, making it 
more conducive to intensive use of wind power, as outlined at the 
end of Chapter 2. 

Payment to biomass-hased generators is not fixed at 55 per cent of 
the residential tariff as for wind, but instead varies by time of day 
based on the utilities' avoided costs. Payment conditions differ 
between western and eastern Denmark, but in western Denmark, for 
example, the electricity purchase price paid to biomass CHP-based 
generators differs between three set time-of-day periods: peak, mid-
peak and off-peak. On average, payments to biomass-based genera-
tors are on the order of 10-20 percent lower than payments to wind 
generators, reflecting a higher subsidy for wind. The payments for 
biomass generation are, however, likely still to be higher than 
the utilities' actual avoided costs. As with wind, biomass CHI' gener-
ators also receive refunds of the 0.17 DKK/1<Wh energy tax and 
0.10 DKK/kWh CO 2  tax. 

Germany 

Germany's promotion of renewable energy has concentrated pri-
marily on wind and solar energy. In 1997 Germany surpassed the 
USA as the country with the largest installed wind energy capacity 
in the world. Germany's installed wind capacity has grown very 
rapidly, from negligible in 1990 to almost 2900 MW in late 1998. 
Three primary components have been responsible for this growth. 

First and foremost is the Renewable Energy Feed-In Tariff (REFIT) 
contained within Germany's Electricity Feed Law (EFI,). The REFIT 
specifies the price at which German utilities must purchase all 
power from renewable generators; and this price is tied to the 
residential electricity tariff. Wind generators receive a payment of 
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90 per cent of the residential tariff, amounting to a payment of 
0.1721 I)M/kWh in 1996 (1 -loppc-Kilpper et al., 1996). At the 
average 1997 exchange rate of 1.735 DM per IJS$, this would he 
equivalent to 0.099 IJS$/kWh, approximately 10 per cent higher 
than the payment for wind provided in Denmark. The extra costs of 
purchasing this wind power compared to conventional electricity 
are passed on to electricity customers of the local purchasing utility, 
causing higher electricity prices in areas with substantial wind 
energy development. This is changing, however, to uniform funding 
by consumers throughout the country to reduce regional funding 
inequities. 

Another major stimulus to wind energy development has been 
the 250 MW Wind Programme', which was started in 1990 as a 
large-scale demonstration programme which would pay developers 
for their output or for approved investment costs. The programme 
provides investment subsidies of DM 200/kW with a ceiling of DM 
100 000 for each project (DM 150 000 for projects with facilities 
greater than 1 MW) (lindley, 1996). For a 600 kW wind turbine 
costing on the order of DM 1700/kW, the maximum subsidy would 
amount to approximately 10 per cent of capital costs. 

The third component of Germany's wind promotion programme 
comes in the form of preferential financing. Below-market loans are 
availahle from the Deutsche Ausgleichsbank (DtA), a federal funding 
institution which provides favourable financing terms for projects 
in areas such as environmental protection. In conjunction with the 
European Recovery Programme (ERr) Fund, DtA loans are available 
at a fixed interest rate of 1-2 per cent below commercial rates; and a 
maximum repayment grace period of five years is allowed to ease 
cash-flow constraints during projects' initial years. With such 
DtA/ERP loans covering approximately 75 per cent of total project 
cost, combined with another 12-15 per cent of project cost funded 
by local bank loans., and approximately S per cent of costs covered 
by grants, investor equity requirements are limited to a mere 5 to 
8 per cent of project cost (lindley, 1996). This contrasts with the at 
least 20 per cent and even 50 per cent equity fractions seen in 
project-financed projects in the USA (Kahn, 1995). 

The guaranteed power purchase contracts, generous per-kWh pay-
ments and highly favourable financing terms combine to make 
Germany a very attractive market for wind project developers and 
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explain the programme's significant success in stimulating wind 
energy utilisation. however, Some observers have criticised the pro-
gramme as being overly generous; and utilities in particular have 
been opposed to the high price they are forced to pay for wind 
energy regardless of their actual need for the energy. Such concerns 
are becoming particularly prominent in the light of moves towards 
electricity industry liheralisation throughout Europe, which could 
place German utilities at a competitive disadvantage against other 
European utilities. The German parliament therefore came close to 
amending the REFIT in 1997 to drastically reduce power purchase 
prices for wind projects, though this did not actually come to pass. 

Thus, Germany's wind energy programme has exhibited a positive 
combination of stable policy during the 1990s, generous per-kwh 
payments to encourage maximum energy production, easy 
financing conditions to overcome commercial finance institutions' 
risk-aversion, and modest capital subsidies which help stimulate 
investment but are not high enough to invite abuse. In this regard, 
the great success of Germany's programme is easily understandable. 
However, whether Germany has received good value for money is 
less clear. Some would argue that Germany's support has been too 
generous and that the German state is subsidising large, virtually 
risk-free, profits for private investors. It is almost certain that the 
level of German subsidies has been higher than what could be 
justified on the basis of avoided costs or environmental benefits, 
though long-term 'strategic' benefits are harder to quantify. Notably 
lacking in Germany's programme has been any pressure for project 
developers to reduce costs. Instituting some form of competition or 
gradually ratcheting down premium payments could greatly 
improve the cost-effectiveness of German wind projects without 
necessarily damaging the industry. 

Though wind has been Germany's greatest renewable energy 
success, Germany's support for renewables is not limited to just 
wind. Solar energy has been the other large thrust of the German 
renewables programme, receiving two-thirds of German renewable 
energy R&D funding (while wind receives most of the remaining 
one-third). In particular, photovoltaic programmes have received 
strong emphasis. In terms of power purchase prices, solar energy, 
like wind energy, receives a payment of 90 per cent of the average 
residential electricity tariff (other sources, like biomass and hydro, 
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receive less). Solar energy installations also receive further direct 
support from both the German Federal and state governments. 

India 

India has been supporting renewable energy development since the 
late 1980s through the Ministry of Non-Conventional Energy 
Sources (MNES) and interested state governments. In terms of grid-
connected renewable electricity, India's efforts have also been 
focused primarily on wind, though biomass-based cogeneration has 
begun receiving significant attention more recently. 

In late 1998, India had approximately 100() MW of installed wind 
capacity and ranked third worldwide in wind power installations 
after Germany and the USA. Early wind power development was 
largely accomplished through demonstration protects by the MNFS, 
but this has given way to private development which now accounts 
for the vast bulk of installed capacity. Indian wind energy policy has 
been successful not only in achieving significant capacity installa-
tions but also in stimulating the development of a domestic wind-
turbine manufacturing industry. The longer-term prognosis for 
future development is less certain, however, due partly to Indian 
climatic conditions and the prevalence of winds primarily during 
the low-demand rainy season. 

India's support for wind energy is characterised by the following 
incentive mechanisms: guaranteed power purchase arrangements, 
tax incentives and concessional loans, though actual rules vary by 
state (Sarkar and Bhatia, 1997). Power purchase arrangements can 
typically be handled in any of three ways. The developer/generator 
can use its generated wind power by wheeling it through the utility 
grid to its own industrial facilities (and paying a wheeling charge), 
the generator can sell the power to the state utility, or the generator 
can sell the power to a third party, again paying a wheeling charge. 
Because India's winds are seasonal and largely occur during the 
monsoon season, banking options are also available, in which the 
generator can bank or store the wind power by distributing it to 
the grid at the time of generation and claiming it back later in the 
year as the need arises. Standardised power purchase rules exist in 
each state, eliminating the need for more complex individual nego-
tiation of contracts. Conditions vary by state, but, as an example, 
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the following .suinmarises the rules in effect around 1997-98 (Sarkar 
and Bhatia, 1997) for two states, Tamil \adu and Andhra Pradesh, 
which have been among the most active in promoting wind energy 
in India. 

• ianlil Nadu. Electricity could he wheeled through the utility 
grid for a fee of 2 per cent of energy generated. Electricity 
banking was allowed for 12 months at 2 per cent banking 
charges. The electricity buy-back price was 2.60 Rs/kWh in 1998, 
with .S per cent annual escalation until the year 2000 (as of 
November 1998, 1 USS approximately 43 Rs). Wind generators 
were also exempt from the state's electricity generation tax. 

Andhra I'radesh. Electricity could he wheeled through the utility 
grid for a fee of 2 per cent of energy fed to the grid. Electricity 
banking was allowed for 8 months between August and March. 
For 12 months of banking, 2 per Cent charges apply. The electric-
ity buy-hack price was 2.60 Es/kWh in 1998. Sale of the wind-
gene.rated electricity to third parties was allowed. Capital 
subsidies were available for 20 per cent of prolect cost up to a 
niaxirnum of Rs 2.5 million. Land could be leased for 20 years, 
and was free of rent for the first five years. 

However, by 1998 the state electricity boards (SEB5) of Tarnil Nadu 
and Gujarat states (which together account for more than 90 per 
cent of installed wind power capacity in India) had stopped allowing 
independent power producers to wheel electricity through their grids 
directly to customers. This was done because the SERs were losing 
many of their best customers to third-party sales and were not recov-
ering this loss of revenue through their modest wheeling charges 
(Windpower Monthly, 1998g). With many SElls throughout India on 
the verge of bankruptcy and unable to guarantee long-term power 
purchases, the elimination of wheeling provisions could prove to he 
a very serious threat for continued wind power development. 

In addition to incentives from state governments, further tax 
incentives are available from the central government. These take the 
form of 100 per cent accelerated (lepreciation in the first year of 
wind farm commissioning, as well as duty-free or reduced-duty 
import of wind turbine components. These tax concessions have 
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proven to be highly effective incentives, though recent reductions 
in corporate tax rates, from 46 per cent in 1994 to 30 per cent in 
1998 (Windpower Monthly, 1998g), have significantly lessened 
their impact. In addition, such capital-cost incentives did incur 
some initial abuses through use of less effective second-hand tur-
bines, but such abuses have been eliminated through tightening of 
eligibility and commissioning rules. More recently, however, further 
scandals have come to light involving allegations of tax evasion in 
which companies are accused of having falsified records to claim the 
100 per cent first-year depreciation without actually installing any 
wind turbines (Windpowcr Monthly, 1998e). Such allegations serve 
as another reminder that capital cost-based incentives and tax 
credits are vulnerable to abuse and require very careful monitoring 
by a vigilant regulatory authority. 

India has also established the Indian Renewable finergy 
Development Agency (IRFDA), a public limited government 
company under the MNES, specifically for financing renewable 
energy projects. IREDA wind energy loans are available for 100 per 
cent of eligible equipment cost, limited to a maximum of 75 per 
cent of total project cost. Loan terms have been for ten years, with a 
repayment grace period of one year (IREDA, 1997). Their interest 
rates of 15-16 per cent were considered concessicnal in earlier years 
when commercial rates were higher; but in recent years commercial 
interest rates have declined and have thus made IREDA loans less 
attractive (Surcsh, 1997). As a result, IREDA interest rates have more 
recently been reduced by 1 per cent while the repayment period has 
been increased (Suresh, 1999). 

IRFDA provides financing for all forms of renewable energy, not 
just wind. For biomass cogeneration (the current focus of increased 
interest for independent power production), IREDA interest rates are 
similar to those for wind, ranging between 15.5 and 17 per cent, 
depending on the technology. Loan conditions are also similar to 
wind, with IREDA financing for biomass being limited to a 
maximum of 75 per cent of total project cost. Loan terms range 
between five and ten years, but repayment grace periods are pro-
vided for two to three years (IREDA, 1997). 

In general, IREDA interest rates tend to be in the 15-17 per cent 
range, but lower interest rates are allowed for certain technologies 
and applications to which the Indian government attaches particu-
lar priority. Solar hot-water heaters can be financed at interest rates 
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ranging from 2.5 per cent to 8.3 per cent, for example. Biogas plants 
based on animal and/or human waste can he financed for rates 
between 4 per cent and 10.5 per cent and some rural photovoltaic 
and wind projects can be financed at between 2.5 per cent and 
8.5 per cent (IREDA, 1997). 

Sweden 

Swedish electricity policy has been in a significant state of flux over 
the past several years as the industry has been liheralised and 
opened up to competition throughout the Scandinavian Nord Pool 
market. Renewable energy policy has thus also been changing. 
Between 1991 and 1996, Sweden provided capital-cost subsidies for 
the following tech nologies (WA, 1 996a): 

• Wind Fnerçy. Subsidies of 35 per cent of capital costs for new 
wind turbines over 60 kW, with total available funding of SEI< 350 
million (as of November 1998, 1 US$ = approximately 8.2 SEK). 

• Solar Fnergy. Subsidies of 25 per cent of costs of large-scale solar 
protects and technology development, with total available 
funding of SEN 136 million. 

• Riomoss Energy. Subsidies of 4000 SF.K/kW for new biomass (THP 
plants, or 25 per cent of capital costs for conversions of existing 
facilities to use biomass fuels, with total available funding of SEK 
1 billion. 

Expiration of capital-cost subsidies in 1996 significantly slowed the 
implementation of many new renewable energy installations, but 
the Swedish government has again included further subsidies in its 
new energy law which took effect in February 1998. The new law 
provides subsidies as a percentage of capital cost as follows: 
(a) biornass-based cogeneration: 30 per cent; (b) wind: IS per cent; 
(c) small-scale hydro: 15 per cent (CA[)I)ET, 1998d). 

Other than capital-cost subsidies, two other primary mechanisms 
exist for supporting small renewable energy projects such as wind 
within the liberalised Swedish electricity market. The first is guaran-
teed power purchase contracts with local utilities. Prior to electricity 
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market reform, utilities holding regional power concessions were 
required to purchase electricity at their avoided cost from all small 
power projects with generation capacities of up to 1500 kW. This 
requirement continues to exist tinder the new law, but the price 
now paid to small generators is equal to the residential tariff, plus a 
credit for reduced transmission and distribution losses, minus rea-
sonable costs for utility administration and profit. In 1996 the 
average price paid for wind electricity was 0.26 - 0.28 SEK/kWh 
(lEA, 1996b). However, this power purchase requirement for small 
generators is limited in duration to five years, and subsequently all 
power producers are expected to compete on the open market. 
Whether small power producers will continue to survive at that time 
remains to he seen. 

The other support mechanism for wind energy is an environmen-
tal bonus (SEK 0.138/kWh in 1997) paid from the government (lEA, 
1996b). The amount of this bonus corresponds to the tax charged 
for household electricity consumption. 

For hiomass, in addition to the capital subsidies described earlier, 
other subsidies have included payments of 10-15 per cent of the 
costs of connecting small biofuel-hased boilers in the industrial and 
residential sectors to district heating networks in 1994-95. 
Environmental taxes have been the other major force in encourag-
ing increased use of biomass. Heating fuels are taxed for sulphur, 
CO,, and NO emissions, as well as being subject to a general energy 
excise tax. The energy excise tax (for example, 251 SEK/ton coal), 
CO 2  tax (367 SEK/ton CO 2  approximately 48 US$/ton CO 21, or 
916 SEK/tori coal) and the sulphur tax (for example, 30 SEK/kg 
sulphur for coal and peat, or 150 SEK/ton coal) add substantially to 
the cost of burning fossil fuels (lEA, 1996a). Biomass fuels are 
exempt from the energy, CO,, and sulphur taxes, though peat does 
incur the sulphur tax. 

Note, however, that the ahovementioned taxes are for heating 
fuels.. Fuels used in electricity generation are not subject to the 
energy excise tax nor CO 2  tax, though they are subject to the 
sulphur tax. Because nuclear and hydro power provide almost 
95 per cent of Sweden's electricity, the exemption of fossil fuels for 
electricity from environmental taxes has not been of major impor -
tance. However, this exemption has led to strange practices in 
biomass-based CHP plants. Given that fossil fuels are subject to 
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environmental taxes for heating but not for electricity, biomass-
based CHP plants have burned both fossil fuels and biomass within 
the same plant, claiming that the biomass is used for the heating 
portion and the fossil fuels for the electricity portion. Other distor-
tions also exist. For example, with industrial facilities being exempt 
from a significant portion of the CO 2  tax (for reasons of interna-
tional competitiveness), many industries have been shifting away 
from burning hiomass fuels, choosing instead to burn fossil fuels 
and sell their bloinass to district heating plants who are subject to 
the CO, tax. This highlights some of the complexities of using the 
tax system to achieve public policy goals. Further harmonisation of 
taxation laws may therefore be necessary. 

In addition to the above direct and indirect support mechanisms 
for renewables in the marketplace, the Swedish government also 
funds energy technology research programmes as well as a develop-
ment and demonstration programme which provides support of up 
to 50 per cent of cost for demonstration projects including solar and 
wind plants, for example. The National Board for Industrial and 
Technical Development (NUTEK) has also organised a technology 
procurement programme to try to further reduce the cost of wind 
power by forming a consortium of purchasers, clearly specifying 
technical and economic requirements, developing a financing 
scheme with a hank consortium, and guaranteeing a minimum pi-
chase order to the turbine manufacturer who wins the bidding com-
petition. This process is based on the successful technology 
procurement concept practised by NUTEI< in promoting energy 
efficiency. 



Summary and Conclusions 

Installed wind power capacity has been increasing at an average rate 
of over 25 per cent per year between 1992 and 1997, making wind 
energy the world's fastest growing energy sector. This growth rate 
shows few signs of slowing down. On the contrary, installed wind 
capacity has grown by well over 30 per cent per year between 1998 
and 2000, surpassing 10 000 MW in 1998 and 18 000 MW in 2000. 
Installed capacity is expected to continue growing on the order of 
20 per cent per year until 2007, with total worldwide wind capacity 
expected to approach 50 000 MW by then (BTM Consult, 1998a). 
This anticipated growth rate is of a similar order to that achieved by 
nuc]ear power between 1968 and 1977, during which time installed 
nuclear capacity increased from 9200 MW (similar to installed wind 
capacity in late 1998) to 99 000 MW, an annual rate of increase of 
30 per cent (Worldwatch, 1999). 

This growth is expected to he spread around the world, with 
major roles played by Europe, the USA, India and China. The USA 
accounted for most wind energy installations in the 1980s, but the 
industry's centre of gravity shifted to Europe in the 1990s, both in 
terms of installations as well as manufacturers. The European 
Union's renewable energy strategy aims to increase the EU's 
installed wind plant from 4500 MW in 1997 to 40 000 MW by 2010 
(European Commission, 1997). I)eveloping countries, led by India 
and China, have also achieved significant wind energy growth in 
the late 1990s. And after nearly a decade of stagnation, installations 
in the USA began increasing significantly again in 1998. 

215 
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Lorking further ahead to 2020, the World Energy Council antici-
pates wind energy installations of between 180 000 and 480 000 
MW (WEC, 1994), depending 011 the demonstrated level of ecologi-
cal concern and commitment to climate-change mitigation. 
Achieving even a fraction of these installations would signify the 
emergence of a multibilliomdollar wind energy industry of truly 
global proportions. Global wind turbine sales in 1998 were already 
valued at around US$2 billion. 

Wind turbines come in horizontal- and vertical-axis configura-
tions. During the 1990s commercial wind turbine designs settled 
into a 'standard' fundamental concept of horizontal-axis machines 
with two or three blades (three being much more common in large-
scale turbines), rctating at near-fixcd speed. Great advances were 
achieved in efficiency and reliability, as well as in economies of 
scale, both in terms of increased turbine size and increased manu-
facturing volume. Turbine sizes, for example, have increased by a 
factor of ten over the past decade, from 150 kW in 1989 to 1.5 MW 
and higher in 1999. All of these improvements have led to drastic 
reductions in wind energy's cost per generated kilowatt-hour. These 
advances to date have been essentially evolutionary in nature, based 
on perfecting a relatively constant basic design. 

The currently predominant basic design is by no means the 'ulti-
mate' wind turbine design, however. Significant advances remain to 
be made in making wind turbines cheaper, lighter, more flexible 
and more efficient. Many of these advance.s are becoming possible 
through increased computing power and improved understanding 
of wind turbines' aeroelastic behaviour. In terms of drive trains, 
advances such as variable-speed drives have already been introduced 
and are expected to continue. Improved and cheaper power elec-
tronics should also increase wind turbines' overall flexibility and 
efficiency in operating under a wide variety of conditions. 

These technological advances will not happen overnight, but will 
more likely evolve over time. On the other hand, the wind indus-
try's explosive growth is beginning to entice new deep-pocketed cor-
porations into the market, and these new entrants may have a 
stronger incentive to introduce radical new designs in an effort to 
gain market share from older established players. As a result, the 
next two decades are expected to witness vigorous competition 
amongst manufacturers and designs. 
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Reductions in the per-kWh cost of wind-generated electricity are 
due to a combination of factors, including lower capital costs, lower 
operation and niaintersance costs, higher generation efficiency, 
higher reliability and improved siting. Overall, from the late 1980s 
to the late 1990s, wind power costs per kWh have decreased by 
approximately 45 per cent in less than a decade. Using today's 
advanced turbines, wind power costs for large-scale grid-connected 
turbines are typically in the range of 4-5 US cents/kWh, and some-
times even in the 3-4 cent/kWh-range under favourable wind con-
ditions. As a result, wind energy is becoming close to competitive 
against conventional electricity sources such as coal, nuclear and 
natural gas, and in some cases wind energy is already cheaper than 
conventional sources on a total-cost basis. 

Regarding offshore wind turbines, their costs are still higher than 
those on land but are expected to decline significantly as some 
Luropean countries aggressively pursue this option and gain further 
experience. Denmark, for example, plans to build more than 4000 
MW of offshore wind power plants by the year 2030. 

In spite of their improved cost-effectiveness, wind power plants 
often have much greater difficulty getting built than do conven-
tional power plants, in part a result of lack of adequate financing. 
This is due to several factors, but one of the most significant is 
investors' perception of higher financial risk associated with wind 
power. This higher perceived risk results in not only a higher 
financing cost (raising wind power's overall cost), but in some cases 
a lack of available finance altogether. Some perceptions of risk stem 
from memories of certain wind turbines' poor technical perfor -
mance during the 1980s and are no longer justified in light of the 
high reliability of current wind technology. 

Other risks are real, however, including the inherent variability of 
the wind itself. As an intermittent resource, wind power cannot be 
simply turned on and off according to need; and a wind turbine 
cannot necessarily be assumed to operate during times of high elec-
tricity demand. As a result, not only is a unit of generation capacity 
from a wind turbine inherently less valuable than an equivalent 
unit of capacity from a dispatchable resource like a gas turbine, but 
wind plants also have much greater difficulty obtaining power pur -
chase contracts than do conventional power plants. Availability of 
reliable power purchase agreements is therefore a key consideration 
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in terms of wind power's financial viability as well as overall wind 
energy policy. 

The increasing trend towards competitive generation markets 
introduces further special considerations. In countries that incorpor-
ate indepcndent power producers (IPPs) into the generation market 
while maintaining a utility monopoly in transmission, distribution 
and wholesale/retail sales, the opening of the generation market to 
private players is likely to provide increased opportunities for wind 
power. This trend towards greater reliance on LPPs is notable in 
many developing countries around the world. 

In systems of wholesale and retail competition increasingly 
favoured by developed countries, generation markets typically 
consist of two coexisting contract types: long-term bilateral contracts 
between buyers and sellers, and short-term auction-type forward and 
spot markets. Short-term forward markets require generators to 
submit bids to sell power in advance, typically one day ahead of the 
sale. Wind plants' ability to sell in the short-term markets is there-
fore critically dependent on their ability to accurately predict wind 
speeds and wind turbine power output in advance. 

Fortunately, advances in wind energy have not been solely in the 
area of turbine technology. Significant improvements have also 
occurred with wind prediction, and wind speeds can now be pre-
dicted 24 to 36 hours in advance with an accuracy of around +1— 20 
per cent, using sophisticated current techniques. This level of accu-
racy allows wind plants to hid their power into day-ahead forward 
markets, but a wind plant's hid will nevertheless be much less accu-
rate than a hid from a conventional generator. 

As a result, the other critical factor for wind turbines to function 
in a short-term forward market is the market's rules regarding penal. 
ties for generators who over- or under-generate compared to their 
bid. Markets which impose severe penalties on generators are not 
only likely to be less efficient overall, but they will severely limit the 
ability of intermittent generators like wind to compete. A more 
efficient market system include.s a separate market for 'balancing' 
power to make up for any instantaneous differences between 
demand and supplied power. An example of this is found in the 
'regulation market' of the Nord Pool system in Scandinavia. Such 
market systems allow intermittent generators such as wind turbines 
to sell to the short-term market with only minor cost penalties for 
their inherent variability. 
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Wind plants also face greater difficulties obtaining long-term 
bilateral contracts due to their intermittent nature. Bilateral con-
tracts are typically signed to reduce risk by locking in the sale!-
purchase of a given amount of power for a set price and time. 
Because wind plants cannot guarantee their power output at any 
given time in advance, purchasers have fewer incentives to sign 
bilateral contracts with wind generators. 

On the other hand, through the Kyoto Protocol to the United 
Nations Framework Convention on Climate Change, industrialised 
countries have committed themselves to reductions in their emis-
sions of greenhouse gases such as CO,. Binding commitments by 
countries to reduce CO2  emissions must surely lead to some form of 
market for CO 2  emission reduction credits. Once such markets begin 
to develop, power purchasers may begin signing bilateral power 
contracts with wind generators - not to lock in a fixed quantity of 
power, but rather to lock in CO 2  emission credits. 

Thus, while the move towards competitive generation markets 
may create significant complexities for wind power, diverse factors 
such as improved wind prediction and CO 2  emission reduction 
commitments may result in wind power plants being able to suc-
cessfully compete for both short-term forward market sales as well as 
long-term bilateral contracts. 

The discussion of CO, credits brings up the issue of the environ-
ment in general. The environment is clearly the ultimate driving 
force behind the development and implementation of wind energy. 
Yet, conventional electricity markets place only limited emphasis on 
environmental considerations. The fact that electricity prices do not 
reflect the environmental damages caused by power generation is a 
major deterrent to increased adoption of wind energy. 

The valuation of environmental externalities is a controversial 
topic and subject to great uncertainty. The uncertainty and contro-
versy are particularly great regarding potential damage costs of 
global climate change, the area of wind energy's greatest environ-
mental advantage over fossil fuels. Nevertheless, major studies in 
both Europe and the USA suggest that the environmental damages 
avoided through wind energy could be worth several US cents per 
kwh. Wind energy would clearly he competitive against fossil fuel-
based generation if this cost of environmental damages were 
reflected in electricity prices, it is hoped that implementation of the 
UN Framework Convention on Climate Change will lead to some 
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form of CO, credit market which will allow wind energy to reap the 
financial benefits of its environmental advantage. 

In spite of wind energy's environmentally benign nature, wind 
energy does also create a number of potential environmental 
impacts, including visual intrusion, noise, and bird deaths. Noise 
and bird deaths are being addressed through improved design and 
turbine siting, and these are not expected to cause significant overall 
impediments to wind energy development. Visual intrusion, on the 
other hand, has received significant public attention and has been a 
nialor stumbling block for wind energy development in some loca-
tions. However, repeated studies indicate that the actual visual harm 
caused by wind turbines is for the most part quite small, and that 
opposition to wind development is often led by only a small but 
vocal minority. Nevertheless, aesthetic concerns and related local 
planning considerations are important issues winch must be 
addressed with sensitivity by wind power developers. 

The advent of electricity industry restructuring and retail cornpeti 
hon is bringing about another interesting development in the area 
of environmental protection. This is the concept of green market-
ing, in winch consumers choose to purchase electricity from renew-
able energy generators such as wind, often voluntarily paying a 
higher price for this service. This market-based approach to environ-
mental protection is sublect to some controversy, and it is still too 
early to ascertain how much renewable energy development will 
actually occur as a result of such programmes. However, green mar-
keting programmes have proven to be popular in the Netherlands, 
for example; and green marketing appears to be developing into a 
potent competitive force in the residential sector under the USA's 
ongoing electricityindustry restructuring process. 

Many of the advances in wind energy over the past two decades 
have been made possible through changes in the policy environ-
ment and the application of innovative new incentive mechanisms. 
These mechanisms include guaranteed power purchase agreements, 
investment incentives, production incentives, market set-asides, 
externality adders, environmental taxation, R&D grants, govern-
ment-assisted business development, green marketing, wheeling 
provisions and electricity banking, l)ifferent countries have had 
varying degrees of success with such mechanisms, and it is instruc-
tiVC to examine the experiences of countries who have pursued 
wind energy development. 
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The USA has in the past relied primarily on tax incentives, and 
guaranteed power purchase contracts through the Public Utility 
Regulatory Policies Act, while newer initiatives include green mar-
keting and market set-asides through a proposed Renewahies 
Portfolio Standard. Though US policy initiatives were largely respon-
sible for the creation of the modern wind energy industry in the 
1980s, US renewable energy strategy has suffered from a lack of 
policy stability and the resulting high uncertainty and risk for devel-
opers and investors. The Netherlands has also pursued a variety of 
innovative incentive mechanisms such as green investment funds, 
tax incentives, green marketing, and creation of a market set-aside 
using tradable 'green labels'. Nevertheless, the Netherlands has also 
suffered from unstable policy as well as turbine siting difficulties, 
resulting in mixed success in stimulating wind energy development. 

Denmark and Germany are two of the world leaders in wind 
energy, and both of their strategies have been characterised by sta-
bility and simplicity. In both countries, the basic incentive structure 
consists of guaranteed power purchases of all wind-generated elec-
tricity at a set (and generous) price. Other incentive structures in 
place include CO,taxation in Denmark and a preferential finance 
facility in Germany. While these countries have had great success in 
encouraging wind energy development, it is unclear whether their 
incentive systems have provided good value for morley; and some 
observers argue that wind gencratrs have obtained excessive profits 
at the expense of electricity ratepayers. 

The UK has pursued an innovative, competitive, market-based 
incentive system known as the Non Fossil Fuel Obligation (NFFO). 
This is the best known of the market set-aside systems and has been 
highly successful in stimulating wind energy development as well as 
encouraging cost reductions, while managing to coexist with a com-
petitive deregulated generation market. The UK has faced significant 
public controversy regarding the local visual impact of wind tur-
bines on the environment, however, and some observers attribute 
this controversy in part to the highly price-competitive nature of 
the NFFO process and the resulting concentrated development in 
windy but scenic locations. 

Other countries reviewed include India and Sweden. The key com-
ponent to all countries' success in stimulating wind energy develop-
ment has been the availability of stable and reliable power purchase 
contracts. This is a particularly important issue which must be 
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carefully considered by countries attempting to increase competi-
tion in their electricity generation markets. 

Overall, wind energy represents a great success story in which, 
over a brief Span of time and perhaps alone among renewable 
energy technologies, wind power is on the verge of making the tran-
sition from alternative energy source to an integral part of the main-
stream electricity industry. However, this transition is not yet 
complete, and the next five to ten years will represent a critical time 
in the wind industry's maturation. At this time, wind energy contin-
ues to require a favourable policy environment to encourage addi-
tional implementation, continued technological development and 
further cost reductions. A key element of this will include more 
explicit recognition of wind energy's superior environmental attrib-
utes and a means by which wind power plants can be compensated 
for this benefit. To help complete wind energy's successful emer-
gence as a mainstream electricity source, this book recommends 
that policy makers undertake the following actions 

Provide stable markets for wind-generated electricity. 
Reliable markets for wind-generated electricity are the single 
most important factor for stimulating the further development of 
wind energy. Stable power purchase contracts have been a critical 
feature of the energy policies of all countries who have achieved 
wind energy success. The need for stable contracts is amplified by 
the emergence of competitive generation markets and the 
increased risk which such markets entail. In general, it is critical 
that policy makers understand the risks facing wind energy devel-
opers and create a policy environment which helps manage these 
risks. A variety of mechanisms CXjSt to help achieve a degree of 
contract stability within the context of a competitive generation 
market. Possibilities include an auction-based set-aside market 
such as the UK's Non Fossil Fuel Obligation, or a set-aside market 
based on tradable renewable energy credits, such as the 
Netherlands' Green Labels programme or the USA's Renewables 
Portfolio Standard. Incentive mechanisms which reward efficient 
actual production of electricity are likely to be more effective 
than incentives based on capital investment. 

Provide stable wind turbine markets. As a corollary to the 
above recommendation, countries should not only aim to 
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provide stable power purchase contracts but should also encoLir-
age a degree of stability in markets for new wind turbines to 
ensure the industry's viability and to stimulate technological 
development. It is not necessary for this market to be large, as 
market reliability is more important than market size. Even a 
limited (but stable) turbine market can successfully encourage 
technological development, as long as it provides appropriate 
performance incentives. The boom-and-bust cycles which have 
characterised turbine markets to date have placed great strain on 
the industry and have hampered long-term development. 

Align energy projects' financial performance with society's 
environmental goals. Traditional energy policies have not 
taken full account of the environmental benefits associated with 
wind energy, thus favouring more highly polluting energy 
sources. Efforts should be redoubled to introduce appropriate 
mechanisms which will better align energy projects' financial 
performance with society'.s environmental goals. Pollution taxes, 
for example, are an effective mechanism for this. They not only 
benefit the environment but also encourage more efficient eco-
nomic development by discouraging wasteful practices, stimulat-
ing technological development, and reducing the riced to tax 
other more beneficial and income-producing activities. Countries 
should also move forward with coherent strategies for addressing 
climate change, which should help create a substantial market for 
CO-free energy such as wind. 

Enhance community participation in project planning and in 
reaping project benefits. Visual and noise impacts of wind 
energy can cause local objections and make wind turbine siting 
difficult. These visual and noise impacts, while generally quite 
low, are nevertheless real and must he addressed through an 
open and straightforward planning process. Tnmproved informa-
tion and greater familiarity with wind projects goes a long way 
towards reducing local opposition. Opposition is also consider-
ably reduced when local residents are able to benefit financially 
from wind energy prolects  in their communities. Enhanced corn-
munity participation should be a goal of all public infrastructure 
projects, and wind energy is no excepticn. 
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S. Encourage decentralised projcct.s in remote communities. 
This hook has concentrated primarily on large-scale grid-con 
nected electricity, where the most dramatic advances have taken 
place. However, wind energy can he highly cost-effective in 
remote communities not served by a central electricity trarismis-
sion grid. Because such comniunities are often poor and in devel-
oping countries, less effort has been made to address these 
markets. Additional efforts should be directed towards making 
financing available and stimulating off-grid wind energy projects 
in remote communities, particularly in the context of rural 
electrification programmes in developing countries. 

Remove institutional barriers to wind energy. Institutional 
barriers can be as significant an impediment to wind energy as 
technological or economic harriers, but are often left unad-
dressed. The first and forenwst priority in removing such barriers 
should be the development of stable professional communities 
which understand wind energy issues and can facilitate their 
countries' long-term wind energy development. Development of 
institutional capacity also includes information dissemination, 
development of appropriate planning processes, quality 
certification programmes, and perhaps wind energy demonstra-
tion programmes where no projects yet exist. 

Encourage research and development, particularly for wind 
resource assessment. Research and development funding for 
wind energy should be targeted towards those areas in which 
private investment is not readily available. Much technology 
development is already successfully addressed by the private 
sector and may not require significant public funding. Rather, 
accurate wind niapping and improved understanding of coun-
tries' wind resource potential would greatly help to enhance 
countries' understanding of the level of feasible wind energy 
development and identify suitable sites for private investment. 



Epilogue 

Since the completion of the writing of this book, there have been a 
number of developments which merit an update. First, the cost 
effectiveness of wind energy has continued to improve. In March 
2001, it was reported that a 300 MW wind farm development in 
Oregon, USA, had achieved total costs of under $0025 per kWh' 
(AWEA, 2001), further confirming wind energy's status as a viable 
competitor to conventional fossil-fuelled generation. 

Perhaps the most striking development, however, has been the 
continued evolution of the California electricity market and its 
implications for markets worldwide. Chapter 7 describes the 
California market as of 1999 and the advent of retail competition. 
From the commencement of the competitive market in March 1998 
until mid-2000, the new California market functioned more-or-less 
as designed, with vigorous competition in the wholesale generation 
market, wholesale prices averaging between 0.02 and 0.03 
US$/kWh, and similarly vigorous Competition to attract customers 
at the retail level. 

From mid-2000, however, serious flaws in the market's design 
became increasingly apparent. A combination of factors, including 
growing electricity demand, lack of new power plant construction, 
low hydroelectric ,ower availability, skyrocketing natural gas prices, 
lack of adequate price signals to consumers, and alleged market 
manipulation by generators and power marketers, led to electricity 
shortages and dramatically increased wholesale power prices. For 
example, whereas the average unconstrained market clearing price 
in the California Power Lxchange day-ahead market was 0.03 
US$/kWh during December 1999, by December 2000 the same 
average day-ahead price had risen to 0.38 US$/kWh, a more than 
twelve-fold increase. 

California's 1996 electricity industry restructuring law comniitted 
its utilities to purchasing their power in the volatile short-term 
forward and real-time spot markets but imposed a rate freeze which 
prevented the utilities from passing rising wholesale power costs 
onto retail consumers. As wholesale costs began to far outstrip retail 
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prices, California's major investorowned utilities plunged into debt. 
And with the impossibility of making money under this structure, 
virtually all competitive nonutility retail electricity service 
providers abandoned the market, returning customers to the default 
utilities (thereby forcing ever greater losses on the utilities) and 
effectively ending the much vaunted competitive retail market in 
Call forn ia. 

By early 2001, the state's two largest utilities had collectively lost 
more than US$10 billion over the course of Seven or eight months 
and were on the verge of bankruptcy. In spite of these high whole-
sale prices, power supplies were frequently insufikient to meet 
deniand, and the state began to suffer periodic state-wide rolling 
blackouts. The utilities, unable to pay their hills, then began refus-
ing to pay generators, who had to he forced by the state and federal 
government to continue to supply electricity to California. Only 
dramatic intervention by the government prevented a complete col-
lapse of the entire California electric system. In April 2001, the 
state's largest utility, Pacific Gas & Electric Company, flied for bank-
ruptcy protection from its creditors, thereby initiating the largest-
ever utility bankruptcy in American history. 2  

California's electricity débâcle is likely to cost the state tens of 
billion of dollars in higher electricity costs, not to mention the addi-
tional billions in lost econoTnic output due to power outages and 
resultant business uncertainties. The crisis has emerged as perhaps 
the single greatest threat to the prosperity of one of the world's 
most dynamic economic zones, and its economic impact will surely 
be felt for many years to come. 

But what do these developments mean for wind energy? On the 
positive side, wind energy emerged as perhaps the lowest cost elec-
tricity resource among all fuels and technologies. While wholesale 
natural gas prices had averaged approximately 2 US$/mmBTU 
(million British thermal units) throughout most of the 1990s, the 
average price doubled to approximately 54/mmBTU during 2000. By 
December 2000, wholesale prices surpassed $10/mmBTU, a previ-
ously unimaginable level; and during one day's panic buying, prices 
hit $69/rnmBTU at the Southern California border (California 
Energy Markets, 2000). At $10/mmBTU, even the most efficient 
natural gas-fired generation plant would have a short-run operating 
cost (not including capital costs or ongoing maintenance costs) of 
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$0.06 per kWh, higher than the total all-inclusive generation Cost of 
a wind power facility. 

This served to highlight not just wind power's overall cost -
effectiveness, but also its diversity value in reducing the electricity 
system's over-reliance on one fuel. After many years of gas price 
stability, the world was reminded once again that all fossil fuels can 
be subject to price shocks of far-reaching impact. Whereas natural 
gas's dominance as the fuel of choice for electricity generation had 
come to he seen as inevitable during the 1990s, this rationale has 
suddenly been called into question. 

Furthermore, some of the factors underlying the crisis are by no 
means unique to California; similar concerns are emerging in 
markets as diverse as New York and Brazil. The world's movement 
toward unfettered competition in electricity markets is thus begin-
ning to be questioned, thereby reinvigorating the role of longer-
term energy policy. In California, this policy direction is, for now, 
unambiguously pointing towards greener energy such as wind. In 
trying to resolve the electricity crisis, the California state govern-
ment authorised the spending of close to $1 billion in March—April 
2001 in new spending on energy efficiency and renewable energy, 
including low interest loans for wind and other renewable energy, 
and capital cost subsidies of up to 5(1 per cent of project Cost 
(California Assembly Bill No. 29, 2001; California Senate Bill No, 5, 
2001; CPUC, 2001). In many ways, the economic climate for wind 
energy has never been better. 

On the negative side, wind generators and other smaller-scale 
PURI'A Qualifying Facility (QF) generators were severely hurt by the 
California utilities' refusal and/or inability to pay for their electricity 
purchases as the market spun out of control, forcing many smaller 
generators to shut down operations entirely. Small QF generators 
were further damaged by the California Public Utilities 
Commission's arbitrary and politically motivated recalculation of 
electricity prices payable to QFs at below their short-run operating 
cost (FERC, 2001, California Energy Markets, 2001). 

While natural gas-based QF cogenerators were particularly 
damaged by these events, wind generators were similarly harmed 
during a time when large wholesale generators were earning 
unheard-of-profits. In spite of wind generators' role in providing 
some of the lowest cost power available in the state during critical 
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electricity shortages, their lack of a strong voice in a highly politi-
cised fegulatory environment meant that they were much less able 
to benefit from high wholesale electricity prices than were the larger 
fossil-fuelled generators. 

And so once again in the USA, wind power continues to be buf-
feted by an uncertain regulatory and political environment. Market 
and policy stability, whose critical importance was underscored in 
Chapters 7 and 8, remain as elusive as ever. Yct, in spite of this 
wind power continues to advance both technically and economi-
cally. In Lurope, the USA, and elsewhere, installed wind capacity 
Continues to increase at its breathtaking pace .  and wind's place 
within the mainstream energy industry is becoming ever more 
secure with each passing year. All in all, the future of wind energy is 
brighter than ever. 



Notes 

Notes to Chapter 2 

Electric generation capacity is presented throughout this hook in terms of 
kW, MW, GW and 'lW. for readers not familiar with this terminology, 
1 kilowatt (kW) = I (P watts, 1 MW = 10' watts, 1 (4W = 10' watts and I 
TW 10 12  watts. 1 kWh represents I kW generated for 1 hour and simi-
¶arlv for MWh, GWb and [Wh AU/V-yr represents one terawatt (TW) 
generated for one year. 
Annual mean wind speed is a standard term applied based on tong-term 

average', as opposed to 10-minute or half-hourly averages. 
Acknowledgement for this section: 1.ars l.andherg, Niels (vlling 
Mortensen and Erik Lundtang Petersen, Wind Energy and Atmospheric 
Physics Department, Fdso National laboratory, Denmark. 
For a complete description of the wind atlas methodology, see Iroen and 
Petersen (4989), 

S. The wind rose is a graphical representation of the relative frequency, 
average wind speed and energy Content of the wind from each direction: 
north, north-east, east, south-east and so on. The wind rose is typically 
drawn with 12 sectors, each sector representing an arc of 30 degree.s on 
the compass. 
Some of these constraints are already being experienced in countries such 
as the UK, Denmark, Netherlands, USA and Germany. See (Tie pter 6 for 
further discussion of these environmental considerations. 
This growth rate is slightly different from that shown in [able 2.1, due to 
accounting differences. 
Capacity factor is defined as the total energy produced by a facility in a 
year divided by the total energy which could theoretically he produced by 
the facility if it operated at full rated capacity for the full year (see Swisher 
et el,, 1997). 
Sngas is the product of a gasification process, typically derived from 
o cal, but also from hiomass. 

Notes to Chapter 3 

[he stream tube is deli ned h the stream lines following the edge of the 
wake. Therefore, there is no flow perpendicular to the stream lines. 
This section is based on Andersen and Jensen 1997). 
A wind turbine's availability is defined as the percentage of time a wind 
turbine is capable of generating electricity without manual intervention. 
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4 . AvaiJabilitv was defined irl note 3. 
5 See note 8 in Chapter 2. 

Notes to Chapter 4 

Note: economic and financial figures are typical iy presented in US 
dollars. Unless specifically noted otherwise, currency conversions in 
this hook have been made using the following average 1997 rates: 
USS 1 = DKK6.608; 1 ECU US$1 .129; US$1 = 1)M 1.735. 
Danish turbines had a total share of over 50 per cent of the global wind 
turbine market in 1996. Therefore, in this chapter, Danish turbine cost 
Ingure.s are assumed to be representative of worldsvide trends. 
For normnalised Danish wind conditions. 
Lx works' means that no site work, foundation or grid connection costs 

are included. Lx works costs include the turbine as provided by the 
manufacturer, including the turbine itself, blades, tower and transport 
to the site. 

S. ltecause output capacity kW) changes in approximate proportion to 
swept area, a decline in S/rn 2  cost is a rough indicator of a similar 
decline in $/kW. 
Note: in terms of costs, only capital costs are reflected in this ratio, Any 
improvements in operation and maintenance (O&M) costs, equipment 
lifetime or equipment sal cage values would not be reflected in the 
investment-per-production efficiency ratio. 
Note: the improvement in $/kwti costs shown in J:igure  4.4 (45% in 
9-10 years) is slower than that suggesied iii Figure 4.2 (45 1 ,yo in 7 years). 
'l'his is largely due to the fact that Figure 4.2 mcI tides improvements in 
turbine siting, while Figure 4.4 represents wind energy costs under fixed 
siting conditions. 
for operation and maintenance costs, the same profile (in relation to 
investment costs) is assu med as for land-based turbines shown in 
Table 4.3, 
EPRI (1997) suggesls that wind lurhines located in highly windy areas 
could achieve capacity factors of 40-45 per cent by the year 2005. 
National assumptions on plant lifetime might be shorter, but calcula-
tioris were adjusted to 40 years. 
This may he significant when comparing conventional plants against 
dispersed small-scale wind turbines. Dispersed wind turbines often feed 
into the local grid near final consuniers and thus have losser trailsniis-
sion and distribution lcsses. 
Sinai I-scale gen-sets are not designed for continuous operation and 
suffer from Ii igli maintenance needs under i niten sive operation. Gen-
sets were therefore assumed to operate at full capacity for only four 
hours per day, based on the experience of local users. 
The original analysis was conducted in 1981, and cost-effectiveness of 
all technologies is likely to have improved since that time. I lowever, 
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wind pump technology is mature and is not advancing at the rate seen 
in larger wind turbines. 

Notes to Chapter 5 

The propensity for 11 , 1 1  projects to he project-financed may be changing 
due to the cheaper financing terms often available through corporate 
finance and the cost reductions necessitated by increased competition 
facing developers in the generation market. See, for exanipie, leehoutek 
and Laniech (1995). 

2. In reality, a capacity credit of 20-40 per cent is typically justified (see 
Chapter 3, but not always recognised by utilities. 

. This assumes a simple hank loan. Bonds can he traded on secondary 
markets, allowing the possibility for capital gains and losses as well; but 
such capital gains are also primarily determined hy the interest rate 
rather than the companv's profitability. 
Senior deht ratio refers to the percentage of total finance provided by 
senior (not subordinated) debt. 
Kahn (1995) and Wiser and Kahn (1996) illustrate that investors' ability 
to take advantage of the PTC requires greater use of high-cost equity, 
thus defeating much of the incentive effect which the tax credit was 
meant to provide for wind energy. 
ihere exists substantial econoni ic literature on the rationing of credit 
and the allocation of risks between creditors and equity owners. See, for 
example, Stiglitz and Weiss (1981), Easterbrook 1984) and Jensen and 
Meckling (1976). 
The [15CR is not the only ratio considered by lenders. Others include 
the loan life coverage ratio and project life coverage ratio see Mills and 
taylor, 1994); but this current discussion focuses only on the l)SCR 
which is considered particularly cenisilive because of the annual nature 
of its constraints. 
to facilitate comparisons, all other assumptions regarding capital costs, 
operating costs, capacitY factor and so on were kept the same as in 
Wiser and Kahn's analysis of typical US conditions. Please see Wiser 
and Kahn (1996) for details of the cash flow model. 
The less steep slope for the down-regulation curve is due to the exist-
ence of electro boilers in Norway and Sweden, which can be switched 
on and off at short notice to take advantage of low electricity costs. 
Wind power's greater need for up-regulation power than conventional 
generators could nevertheless leave it vulnerable to short-term l.)rice 
spikes such as occurred in US electricity markets in late june 1998. 
However, such spikes do not occur instantaneously but rallier tend to 
build over several days. Wind power plants should therefore be able to 
manage these risks through conservative bidding when such spikes are 
au tici pated 
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11. For a detailed review of the California green market see Wiser and 
Pickle (1998). 

Notes to Chapter 6 

I. Financial analysis always disregards externalities, since financial analysis 
is concerned only with those factors directly affecting protect investors, 
as discussed in ChapterS. 
At the average 1997 exchange rate, 1FCU US$1129. 
Breakdown of externality estimates of fossil fuels in Figure 6.4. Source: 
f.xternP (1995), vol. 1, p.  163. 

Not includiny global waoning 	Gb/au warmniny emily 	Total 
(in mECU/k WJu) 	 (in mnl7CU/k Wh) 	(in frnE( 1)/k W/u) 
Coal 	6-16 	 10-18 	 16-34 
011 	11-12 	 6-12 	 17-24 
Gas 	0.7 	 4-8 	 5-9 

Nuclear and hydro were provided as point estinlates only. Note, the range of 
uncertainty on all of these values is extremely large. For more detailed infor-
rnation on how the numbers were derived, please refer to Exterrili (1995). 
Other helpful articles on the visual impact of wind turbines include, 
among others.,F.11i)tt (1994) and Wolsink (1989), 

Notes to the Epilogue 

I. This figure includes the federal wind energy production tax credit. With 
on tax credit, the price would be approximately 0.7 cents/kWh higher. 

2. The California lower Fxchange also declared bankruptcy and ceased oper-
ations in early 2001, thereby eliminating a basic cornerstone of the restruc-
tured California market. The California L)epartnient of Water Resources 
replaced the investor-owned utilities as the electricity procurement agency 
for almost the entire state. By mid-2001, the California electricity market 
retained almost no resemblance to its original design of 1998. 
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