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2.1 INTRODUCTION 

MAIN MESSAGES
This chapter reviews current knowledge of present day and possible future climate 
and air quality across Africa before describing the future of Africa under a baseline 
scenario. The scenario assumes the current trajectories and policies in the energy, 
agricultural and waste sectors continue, with no further policy development. It was 
developed as a storyline over historical (up to and including 2018) and future (2019–
2063) periods, in line with the African Union’s Agenda 2063 and covers the entire 
African continent, with national-scale resolution of key variables.

•	�All scenarios in this Assessment, including the baseline scenario (this chapter) 
and SLCP and Agenda 2063 scenarios (Chapter 3) use the same population, GDP 
growth and urbanization projections.

•	�The Low Emissions Analysis Platform (LEAP) system is the main modelling 
framework for the Assessment and includes analysis of all key energy consuming 
and producing sectors, with a particular focus on households, transport and 
electricity generation, as well as summaries of emissions from the non-energy 
sectors agriculture and waste management.

•	�The model quantifies total national emissions of all GHGs – CO2, CH4, N2O and 
HFCs; SLCPs – BC, CH4, HFCs; and other air pollutants – NOx, NMVOC, SO2, 
NH3; PM2.5 and PM10, made up of OC, BC, mineral dust, etc., and CO – from both 
the energy and non-energy sectors.

•	�A global atmospheric circulation model (GISS-E2.1-G) was used to simulate future 
climate change scenarios and outdoor air pollution levels, i.e., PM2.5 and ground-
level O3. The output from these simulations was also used to calculate impacts 
of outdoor air pollution on human health as well as the impacts of outdoor air 
pollution and climate change on crop yields.

•	�Human health impacts were also estimated for changes in household air pollution 
using approaches compatible with WHO and Global Burden of Disease studies.

2.1.1 MODELLING THE BASELINE SCENARIO 
This chapter reviews current knowledge of present day and possible future climate 
and air quality across Africa before describing the future of Africa under a baseline 
scenario modelled in this Assessment. As discussed further below, this baseline 
scenario assumes the current trajectories and policies in the energy, agricultural 
and waste sectors continue, with no further policy development. It was developed 
as a storyline over historical (up to and including 2018) and future (2019–2063) 
periods, and covers the entire African continent, with national-scale resolution 
of key variables. This chapter describes the development of the projected future 
population, economic, and urbanization trends (Section 2.3); the trajectories of 
drivers of the different sectors (Section 2.4); and the emissions of air pollutants 
and GHGs that result (Section 2.5). The consequences of this scenario for outdoor 
and household air quality, future temperature and precipitation, and human and 
crop health are also discussed (Section 2.6). To create the scenario and assess 
its impacts, the chapter – and the entire Assessment –makes use of state-of-the-
art modelling tools, which are summarized below and described more fully in this 
chapter’s annexes. 
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It is important to note that all scenarios in this Assessment, i.e., the baseline 
scenario (this chapter) and SLCP and Agenda 2063 scenarios (Chapter 3) use the 
same population1, GDP growth2 and urbanization3 projections. These projections 
are described in Section 2.3 but are used in all scenarios. From these projections, 
the different scenarios are then developed against different levels of emissions 
reductions through specific technology measures, often related to policies 
and plans, across sectors (Chapter 3). All scenarios were developed through a 
consultative process with the broader Assessment team. 

BOX 2.1 TECHNICAL TOOLS USED IN THE ASSESSMENT

This box provides a high-level summary of the technical tools used in this Assessment 
to estimate emissions, outdoor and household pollutant concentrations, impacts 
and future temperature and precipitation. Further details for each tool are provided 
in the annexes to this chapter.

LOW EMISSIONS ANALYSIS PLATFORM 

The Low Emissions Analysis Platform (LEAP) system is the main modelling 
framework for this Assessment and is a widely used software tool for integrated 
planning of energy policy, emissions abatement and climate change mitigation 
assessments (Heaps 2021). It is a scenario-based planning tool developed by SEI. 
The LEAP is configured to track energy consumption, conversion and resource 
extraction in all sectors of the economy (SEI 2017). For this Assessment, SEI 
developed an Africa-wide version of LEAP with national scale resolution that 
covers the continent. This LEAP-Africa version includes historical data for the 
period 2000–2018 and three scenarios with projections for the period 2019–2063. 
The model includes analysis of all key energy consuming and producing sectors, 
with a particular focus on households, transport and electricity generation, as well 
as summaries of emissions from non-energy sectors. The model quantifies total 
national emissions of all GHGs – CO2, CH4, N2O and HFCs; SLCPs – BC, CH4, 
HFCs; and other air pollutants – NOX, NMVOC, SO2, NH3; PM2.5 and PM10, made 
up of OC, BC, mineral dust, etc., and CO – from both the energy and non-energy 
sectors. The model was used to produce annual results for the period 2000–2063, 
for Africa as a whole, for regions of the continent – Southern Africa, East Africa, 
North Africa, West Africa and Central Africa –and for individual countries.

GODDARD INSTITUTE FOR SPACE STUDIES MODEL 

The Goddard Institute for Space Studies (GISS) model was used to project the 
impacts of the emissions scenarios on outdoor air quality, temperature and 
precipitation, and human and crop health. The model, a global atmospheric 
circulation model, has been used in almost all phases of the Coupled Model 
Intercomparison Project (CMIP), so it has been continuously updated to maintain 
and improve its realism – better inclusion of processes and higher skill – in order to 

1. Population from UN World Population Prospects 2019 Revision (Medium Variant)
2. �Historical GDP from (World Bank WDI): NY.GDP.MKTP.PP.KD (2017 Int. $ PPP). Long-range projections 

based on growth rates of Shared Socioeconomic Pathway SSP#2 (Middle of the Road). Updated to 
reflect recent growth rates and expected impacts of COVID-19 (based on IMF World Economic Out-
look (IMF WEO, April 2021).

3. �Urbanization from the United Nations Department of Economic and Social Affairs (UN DESA) World 
Urbanization Prospects: 2018 Revision. Household sizes from Global Data Labs Database v 4.0 (Feb 
2021). Note: Not projected into the future, so may tend to slightly underestimate future households/
future HH energy demand.
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continue its participation in international and national climate-model assessment 
projects. The current implementation of the GISS series of coupled atmosphere-
ocean models is called ModelE. It provides the ability to simulate many different 
configurations of Earth-system models, including interactive atmospheric 
chemistry, aerosols, the carbon cycle and other tracers, as well as the standard 
atmosphere, ocean, sea ice and land surface components.
In this Assessment, the GISS-E2.1-G model (Kelley et al. 2020) was used to simulate 
future climate change scenarios and outdoor air pollution levels, i.e., PM2.5 and 
ground-level O3. The output from these simulations was also used to calculate 
impacts of outdoor air pollution on human health as well as the impacts of outdoor 
air pollution and climate change on crop yields. GISS is a global model and only 
the emissions in Africa were updated to those in this Assessment. For the rest of 
the globe, emissions appropriate to the shared socioeconomic pathways SSP3-
7.0 climate scenario were used, as was also used in the recent Sixth Assessment 
Report of the IPCC (IPCC 2021).

HEALTH IMPACT ASSESSMENT 

Human health impacts were also estimated for changes in household air pollution. 
Exposure to this, the annual average PM2.5 concentration, was estimated separately 
for household cooking using different fuels and stove types. Exposure was estimated 
separately for the primary household cook, other adults and children. The impact of 
household air pollution on human health was quantified as the number of premature 
deaths attributable to household air pollution exposure for six diseases: ischaemic 
heart disease, stroke, lung cancer, chronic obstructive pulmonary disease, Type-
2 diabetes, and LRTI in children. The baseline mortality rates for these diseases, 
disaggregated by gender and age, were extracted from the GBD Study (GBD 2019) 
and used for years before 2020. To estimate future mortality rates, the change in 
overall death rate projected by UN World Population Prospects (UN WPP) between 
2019 and future years was applied to the GBD disease-specific mortality rates 
for 2019 to estimate future disease-specific mortality rates (United Nations World 
Population Prospects 2019). 
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2.2 CURRENT AND 
FUTURE EMISSIONS, 
AIR POLLUTION AND 
CLIMATE CHANGE IN 
AFRICA
MAIN MESSAGES
•	�Although there are recent improvements, air quality 

monitoring is generally sparse in Africa. The available 
data indicate elevated levels of outdoor air pollution 
across the continent that will have negative impacts 
on health, ecosystems and agriculture.

•	�An overview on the current emissions, their main 
sources and trends indicate that air pollution is 
getting worse. Increases in future emissions of 
pollutants in many places in Africa is found by 
several studies. There is, therefore, a high risk of the 
air pollution worsening in these areas in the future 
because of these increased emissions.

•	�There are significant projected impacts of climate 
change on temperature and precipitation. For 
temperature, the sub-tropics are projected to see 
warming that is greater than the global average. 
Projected changes in precipitation patterns and 
intensity are variable across the continent.

•	�The impact of poor air quality and climate change 
are a significant issue, but the evidence from which 
to make decisions is limited. This Assessment 
specifically addresses this gap by delivering 
emission estimates and scenarios and assessing 
the likely impacts in Africa. It also highlights the 
areas of future action and research. 

2.2.1 STATE OF AIR QUALITY MONITORING 
Air quality data come from ground-based and in-
situ monitoring, satellites and from a broad range 
of model-measurement fusion techniques, which 
combine measurements with process models using 
various statistical approaches. The general availability 
of these for Africa, as well as examples of findings per 
region, is summarized below.     

GROUND-BASED AND IN-SITU MONITORING
Air quality monitoring across Africa is characterized 
by few long-term, routine air-quality monitoring 
networks, supplemented by sporadic field campaigns. 
Of the few countries that have established permanent 
monitoring stations, many have not been able to 
sustain their operation and many such stations have 
ceased to supply measurement data. In addition, 
field campaigns are typically short in duration and 
characterized by the use of a range of measurement 
systems, making national and regional comparisons 
difficult. Further to these challenges is poor database 
management: data are often neither readily available 
nor freely accessible, limiting scientific study, public 
awareness and effective policy making.
Regardless of this sparseness of air-quality 
monitoring in Africa, the available literature indicates 
elevated levels of outdoor air pollution across the 
continent (Petkova et al. 2013; Amegah 2018; Fayiga 
et al. 2018; Agbo et al. 2020). Particulate matter (PM), 
mainly less than 2.5 µm in diameter (PM2.5) and less 
than 10 µm in diameter (PM10), pollution has been 
the most widely monitored species from ground-
based measurements, with studies showing that 
most countries exceed their own standards, where 
applicable, and the WHO Guidelines (PM2.5 24-
hr average = 15 µg/m3, annual average = 5 µg/m3; 
(Petkoval et al. 2013; Katoto et al. 2019; WHO 2021). 
The current monitoring structure and field campaign 
data are summarized on a regional basis in Annex 2.1, 
while Table 2.1 presents a sample of the results from 
measurement data on a regional basis.
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Table 2.1 Examples of pollutant concentrations measured in different regions from ground-based or in-situ monitoring, including 
permanent networks and field campaigns

REGION LOCATION SPECIES LEVEL REFERENCE(S)

WESTERN 
AFRICA

NIGERIA
PM2.5 248 µg/m3 (hourly max) Abiye et al. 2013; Offor et 

al. 2016; Owoade et al. 
2021PM10 930 µg/m3 (hourly max)

SOUTHERN WEST 
AFRICA (DACCIWA 
FIELD CAMPAIGN 

OVER BENIN, TOGO, 
GHANA, CÔTE 

D’IVOIRE)

CO
176 ppb (boundary layer measurement 
at 5s resolution  averaged over ATR42 
daily flight trajectory;)

Brito et al. 2018

NORTHERN 
AFRICA

ZOUAGHI, ALGERIA
PM2.5 57.8 µg/m3 (roadside)

Terrouche et al. 2016
PM10 105.2 µg/m3 (roadside)

CASABLANCA, 
MOROCCO PM10 105–106 µg/m3 (roadside) Tahri et al. 2013

TUNISIA

Total 
suspended 
particles 
(TSP)4,sizes 
up to 25 µm

95–470 µg/m3

(coastal area, daily values of filter-
based sampling)

Ellouz et al. 2014

EGYPT TSP
466–680 µg/m3

(annual levels in power plant outdoor 
environment)

Hindy and Abdelmaksod, 
2016

CENTRAL 
AFRICA

LUANDA, ANGOLA 
(TRAFFIC 

CORRIDORS)

NO2
35 - 130 µg/m3 

(hourly max)

Campos et al. 2021SO2

584 µg/m3

(hourly max) and 42 - 164 µg/m3 (daily 
average)

PM2.5
11 - 46 µg/m3 
(daily average)

CAMEROUN 
(INTRA-CITY; 
BAFOUSSAM, 

BAMENDA AND 
YOUNDE)

PM

PM2.5 (hourly max):

residential 41–109 µg/m3, market area 
100–229 µg/m3, bus station 69–229 
µg/m3, city outskirts 57–160 µg/m3

PM10 (hourly max): residential 4–139 
µg/m3, market area 127–327 µg/m3, 
bus station 95–327 µg/m3, city outskirt 
76–255 µg/m3, commercial food 
preparation 709 µg/m3 

Antonel and Chowdhury 
2014

SOUTHERN 
AFRICA SOUTH AFRICA PM

PM10 and PM2.5 levels in low-income 
settlements exceed National Outdoor 
Air Quality Standards of 

PM10 24-hr = 75  µg/m3; PM10 annual 
average = 40 µg/m3 

PM2.5 24-hr average = 40 µg/m3; PM2.5 
annual average = 20 µg/m3

Venter et al. 2012; Hersey 
et al. 2015; Feig et al. 2019; 
Govendar and Sivakumar 
2019

EASTERN 
AFRICA

ETHIOPIA, KENYA AND 
UGANDA

Visibility 
(reflects 
pollution)

Decreasing trend, 1974–2018 ASAP-East Africa 
Synthesis Report 2020

ETHIOPIA  PM2.5

15–40 µg/m3

(hourly average at outdoor 
environment, pollution level plateauing)

ASAP-East Africa 
Synthesis Report 2020

KENYA, UGANDA

25–80 µg/m3

(classrooms and household 
environments, current levels are 
unhealthy)

ASAP-East Africa 
Synthesis Report 2020

4. �TSP includes all particle sizes suspended in the atmosphere that could trapped depending on the configuration of the sampler used while 
PM10 and PM2.5 are particles with aerodynamic diameter of  ≤2.5µm and ≤10µm respectively
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SATELLITE MEASUREMENTS
Satellite-derived atmospheric composition 
measurements are an important supplement to 
the sparse ground-based and in-situ monitoring 
for Africa, providing increased spatial coverage. 
Moreover, satellite data can be used in conjunction 
with in-situ observations to better quantify ground-
level concentrations of air pollution in data-scarce 
regions, which can then be applied to applications 
such as improving information from low-cost sensors 
(de Souza et al. 2020; Malings et al. 2020), model 
evaluation (Ridley et al. 2012; Kumar et al. 2022a) 
and assessing health impacts (Heft-Neal et al. 
2018). Combining surface-based observations with 
satellite products is, however, challenging in general 
and there are several studies that have found poor 
agreement between satellite aerosol optical depth 
(AOD) and ground-based measurements (Hersey et 
al. 2015; Alvarado et al. 2019; Shindell et al. 2022). 
Key limitations include that satellite products often 
provide vertically integrated information, which may 
not always represent surface conditions, and that the 
spatial resolution and temporal frequency of satellite 
products can introduce representativeness errors 
(Tang et al. 2021; World Bank 2022a). Additionally, 
satellite products rely on in-situ observations for 
calibration and validation (Velazco et al. 2019; Paton-
Walsh et al. 2022) and the limited in-situ observations 
over Africa mean that there is limited satellite 
validation for the continent. For example, in countries 
where ground-level monitoring data are not available, 
satellite estimates of surface PM2.5 concentrations 
may have uncertainties up to 85 per cent (Alvarado 
et al. 2019). Ground-level monitoring networks and 
satellite products should be used together to monitor 
and understand air quality over Africa
For some instruments, the satellite data covers a 
long enough period over which pollutant trends 
can be determined. Tropospheric column NO2 over 
Johannesburg, South Africa, for instance, and the 
Mpumalanga Province in South Africa decreased 
over 2005–2014 using data from the O3 monitoring 
instrument (OMI) (Duncan et al. 2016). However, 
tropospheric SO2 data from the Tropospheric 
Monitoring Instrument (TROPOMI) increased between 
December 2018 and September 2019 over coal-
fired power stations in Mpumalanga, Gauteng and 
Limpopo in South Africa (Shikwambana et al. 2020). 
There are no trends in AOD and CO over Central and 
Southern Africa from the Measurement of Pollution in 
the Troposphere (MOPITT) and moderate resolution 
imaging spectroradiometer (MODIS) data over 2002–
2018 (Buchholz et al. 2021). 
Currently there are no existing or planned 
geostationary Earth orbit (GEO) satellites for air 
quality over Africa, and the studies above are all 
based on polar-orbiting satellites. GEO satellites 

have unique advantages in air-quality monitoring 
and study due to the possibility of high temporal 
resolution observations that are needed to resolve air 
quality-related processes. The air-quality monitoring 
and study would therefore benefit substantially from 
a GEO satellite for air quality over Africa in the future 
(Marais and Chance 2015). 

MODEL-MEASUREMENT FUSION: RESULTS FROM 
THE GLOBAL BURDEN OF DISEASE FRAMEWORK
As well as combining satellite and in-situ measurement 
data, spatiotemporal coverage and information can 
be improved by the further addition of data from 
atmospheric chemistry models. Such combinations 
describe the basic premise of reanalysis products, 
which use a data assimilation framework to merge 
physical model output and measurements to provide 
a spatiotemporally continuous and consistent 
description of the state of the atmosphere (Inness et 
al. 2019). Other statistical approaches are available 
that do not require facilities to run complex data 
assimilation frameworks, such as the approaches of 
Shaddick et al. (2018a) and Shaddick et al. (2018b) 
for outdoor PM2.5 and Zhang et al. (2019) for outdoor 
O3, which both inform the GBD (GBD 2019) and the 
State of the Global Air reports (Health Effect Institute 
2020). In brief, these similar approaches combine the 
output of global atmospheric chemistry models with 
ground-based monitoring and satellite observations 
of PM2.5 or ground-based monitoring alone of O3 in 
a Bayesian hierarchical framework, producing global 
estimates of PM2.5 or O3 on a 0.1° × 0.1° horizontal 
grid, ~10 km near the equator. One benefit of such 
frameworks over earlier approaches is that they also 
provide uncertainty information, such as 95 per cent 
credible intervals, although validation efforts still 
show biases (Garland et al. 2017). 
Trends in population-weighted PM2.5 and O3 pollution 
from these approaches are shown in Figure 2.1 for 
five African regions from GBD (2019), which closely 
correlate to this Assessment’s regions.   
Over the whole 1990–2019 period, Western Africa 
consistently has the highest annual average 
population-weighted PM2.5 levels, which reach up to 
70 µg/m3. The lowest levels are in Southern Africa, 
which were below 30 µg/m3. Nevertheless, levels for 
all regions are consistently well above the WHO (2021) 
recommended limit of 5 µg/m3. In terms of trends, 
PM2.5 levels marginally decrease from 2010 across all 
regions except for Western Africa. These trends are 
consistent with two independent multi-year studies 
that use similar data sources (van Donkelaar et al. 
2016; Rushingabigwi et al. 2020).
O3 pollution, as PM2.5, is also consistently at or above 
the WHO (2021) recommended limit of 30 ppbv 
(6-month mean of maximum 8-hour daily average), 
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with estimated population-weighted levels between 
40–55 ppbv, depending on region. Unlike PM2.5, 
O3 is estimated to have increased since 2010. This 
decadal increase is strongest Western Africa, around 
+12.1 ppbv; followed by Central and Eastern Africa, 
approximately +11.4 ppbv; Southern Africa, about 
+8.3 ppb; and North Africa and the Middle East, 
around +2.3 ppbv, although this last region has the 
highest concentrations.
Figure 2.1 also shows the trends in the proportion of the 
population using solid fuel for cooking, an important 
contributor to household air pollution in several parts 
of Africa (Amegah et al. 2014). This information is 
not the output from a model-measurement fusion 
process but does form a critical part of the GBD 
Assessments.  Figure 2.1 shows that the proportion 
of the population in Africa estimated to be dependent 
on solid fuels for domestic energy consumption has 
been decreasing, albeit with large variations between 
regions. This proportion is smallest in Northern Africa 
and has decreased from 22 per cent to 13 per cent 
of the population in the past decade. Measured in 
proportions, the largest decline is in Southern Africa, 
where solid fuel use has decreased from 58 per cent 
to 32 per cent of the population. Proportions are 
highest in Western, Eastern, and Central Africa, ~ 
80–90 per cent, and this proportion has only declined 
marginally in Eastern Africa in the last three decades.

 
Figure 2.1 Africa, time series of population-weighted levels of 
(a) annual average outdoor fine particulate matter, microgams 
per cubic metre; (b) highest 8-hour daily average ozone, 
parts per billion; and (c) the proportion of population using 
solid fuels, 1990–2019, per cent Source: data are taken from 
the State of the Global Atmosphere report (Health Effect 
Institute 2020) which is based on GBD (2019).

2.2.2 CURRENT STATE OF POLLUTANT 
EMISSION ESTIMATES
Emissions data are needed as inputs to atmospheric 
models and to assess the impact of economic growth 
and mitigation policies. Africa is a global hotspot of 
dust and emissions from biomass burning (Ginoux 
et al. 2012; van der Werf et al. 2017; Kok et al. 2021), 
and these sources have received more attention 
than anthropogenic emission sources. In general, 
however, there is a paucity of emissions information 
and what is there is often highly uncertain. This 
in turn translates into large uncertainties in the 
understanding of air quality. 

DUST
The Sahara and Sahel represent very significant 
sources of dust, which can be transported across the 
Atlantic (D’Almeida 1986; Swap et al. 1992; Moulin 
et al. 1998; Laurent et al. 2008; Toure et al. 2012; 
Prospero et al. 2014), towards Europe (Prospero and 
Lamb 2003; Borbely -Kiss et al. 2004), the Near East 
and Middle East (Israelevich et al. 2003), and possibly 
as far as Japan (Tanaka et al. 2005). Dust emissions 
may be directly calculated by atmospheric models 
based on several different physical parametrization 
schemes, which usually have a strong dependence 
on wind. Commonly used schemes, such as in the 
Weather and Research Forecasting (WRF) model, 
broadly reproduce the observed spatiotemporal 
distribution of dust., They fail, however, to correctly 
capture total dust (Zhao et al. 2010) and distribution 
dust maxima (Saidou Chaibou et al. 2020), biases 
which are difficult to resolve for all locations 
consistently (Flaounas et al. 2017), and are sensitive 
to the model’s horizontal (Gueye and Jenkins 2019) 
and vertical (Teixeira et al. 2016) resolution. 

BIOMASS BURNING 
Burned area and biomass burning emissions in 
Africa contribute a large portion to the global budget, 
including an estimated 37 per cent of biomass 
burning CO2 emissions and 35 per cent of biomass 
burning CO emissions (Wiedinmyer et al. 2022). 
Satellite products are critical to estimating biomass 
burning emissions at global or continental scales. 
Some inventories use satellite retrievals of the burned 
area combined with estimates of the fuel load, 
fuel-dependent emissions factors and combustion 
completeness, such as the Global Fire Emissions 
Database (GFED) (van Der Werf et al. 2017) and the 
Fire INventory from NCAR (FINN) (Wiedinmyer et 
al. 2011). Other inventories use satellite retrievals of 
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active fire detection and calculate emissions based 
on fire radiative power and emissions coefficients, 
such as the Global Fire Assimilation System (GFAS) 
(Kaiser et al. 2012), the Quick Fire Emissions Dataset 
(QFED) (Koster et al. 2015), and the Fire Energetics 
and Emissions Research (FEER) (Wang et al. 2018). 
Satellite-based inventories have important limitations 
and sources of uncertainty, including difficulties in 
detecting fires under clouds, when viewing angles are 
large, and in the gaps among satellites’ consecutive 
swaths. Approaches to address these issues has 
resulted in improved atmospheric composition 
simulations over northern Africa (Wang et al. 2018) 
although it may also be needed to improve estimates 
of anthropogenic sources (Kuik et al. 2015).
Trends apparent in a recently constructed long-
term inventory suggest that African biomass burning 
emissions declined overall between 1950 and 2015, 
attributed to the conversion of savanna to cropland 
(van Marle et al. 2017). At the same time, other 
inventories suggest a slight increasing trend over 
2012–2019 (Wiedinmyer et al. 2022).

ANTHROPOGENIC EMISSIONS
Estimates of anthropogenic emissions depend 
on knowing the type and distribution of different 
emission sources as well as their use, so called 
activity factors, information that is not consistently 
available nor of consistent quality across Africa. 
These are important to know since it is expected 
that Africa’s anthropogenic emissions are projected 
to grow hugely un the 21st century, contributing 
~  50 per cent to the global total anthropogenic of 
OC emissions by 2030, (Liousse et al. 2014). In an 
Africa wide study, Keita et al. (2021) reported that 
emissions of BC, OC, NOX, CO, SO2 and microbial 
volatile organic compounds (MVOCs) increased by 
95 per cent, 86 per cent, 113 per cent, 112 per cent, 
97 per cent and 130 per cent, respectively between 
1990 and 2015.

2.2.3 MODELLED PRESENT-DAY AND 
FUTURE AIR POLLUTION
There is a growing number of Africa-focused air 
pollution modelling studies, investigating questions 
related to atmospheric transport, isolating key 
drivers of air pollution, and assessing human and 
crop health impact. Over Nigeria, for instance, diffuse 
and inefficient combustion emissions have been 
found to have the largest individual contribution 
of >5 μg/m3. to annual mean surface PM2.5 (Marais 

and Wiedinmyer 2016), whereas open fires and fuel/
industrial emissions make important contributions 
to surface O3 (Marias et al. 2014). Over the whole of 
Africa, solid fuel combustion is estimated to lead to 
84 000 premature deaths per year due to its impact 
on outdoor PM2.5 levels (Gordon et al. 2021). In 
addition to local emissions, transboundary transport 
of CO emitted outside Africa, as well as its regional 
transport across African regions, is also important 
(Kumar et al. 2022a). 

Many studies have found that under the current 
growth and policy trajectories, air pollution in many 
places in Africa is projected to increase. Annual 
emissions of SO2, NOx and primary PM2.5 from power 
plants and vehicles are projected to increase by 2030 
relative to 2012. This increase will lead to a rise in 
outdoor PM2.5, which is estimated to lead to ~ 48 000 
additional air pollution related premature deaths from 
PM2.5 in Africa, with three-times higher mortality rates 
from power plants than transport (Marais et al. 2019). 
In 2014, the emissions of trace gases and aerosols 
associated with charcoal production in Africa are 
estimated to have increased outdoor concentrations 
of PM2.5 by 0.5–1.4 μg/m3 and O3 by 0.4–0.7 ppbv 
around densely populated cities in East and West 
Africa (Bockarie et al. 2020). Residential emissions 
are estimated to contribute the most, ~ 38 per cent to 
present-day air pollution from anthropogenic sources 
in Africa, with projected changes by 2030 estimated 
to make emissions related to energy combustion at 
~ 45 per cent the most important cause of premature 
deaths from anthropogenic sources, ~ 79 000 (Lacey 
et al. 2017). Finally, additional NO emissions from 
enhanced fertilizer application are estimated to 
currently increase surface NOx and O3 concentrations 
during the growing season, in turn leading to crop 
yield declines of 0.8 per cent in O3-sensitive crops 
(Huang et al. 2018). 

LOOKING FORWARD: AIR-QUALITY FORECASTS 
AS A USEFUL TOOL
Air quality forecasts for Africa can be accessed 
from the quasi-operational to operational air-quality 
forecasting systems run by different centres of the 
world, including the European Centre for Medium 
Range Weather Forecasting (ECMWF), the US-based 
Global Modeling and Assimilation Office (GMAO), the 
US NCAR, and ensemble dust forecasts generated 
by the Barcelona Supercomputing Center (BSC). 
International partnerships led by African researchers 
must be developed to downscale these global air-
quality forecasts at regional and urban scales in 
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Africa and evaluate the accuracy of such multi-scale 
forecasts from observations. In addition, the World 
Meteorological Organization (WMO) has launched a 
multi-model intercomparison exercise – Air Quality 
Prediction and Forecasting Improvement for Africa 
(PREFIA) – to understand the ability of different 
models to simulate air quality in Africa. 

2.2.4 FUTURE PROJECTIONS OF 
TEMPERATURE AND PRECIPITATION
Future global climate projections are available for a 
range of future scenarios from coordinated multi-
climate model experiments conducted in support of 
the IPCC reports (IPCC 2021). The most recent of these 
is the Sixth Coupled Model Intercomparison Project 
(CMIP6) (Eyring et al. 2016) and a comprehensive 
analysis of the output from those models is available 
in the most recent IPCC report (IPCC 2021).  
Figure 2.2 shows the CMIP6 multi-model mean of 
the multi-year annual mean current (2015–2024) and 
projected (2050–2059) near surface temperature and 
precipitation for Africa, and their difference, under 
the SSP3-7.0 scenario (van Vuuren et al. 2014). This 
scenario broadly represents a storyline in which there 
are significant challenges to both climate change 
mitigation and adaptation, resulting in global mean 
near-surface temperatures being more than 2  °C 
warmer than the pre-industrial period (1850–1900) 
by the middle of the century and being close to 4 °C 
warmer by the end of the century. 
Under this scenario, temperature increases are 
projected across the continent, with the largest 
projected increases of more than 1 °C seen in the 
sub-tropics. The projected changes in precipitation 
are variable across Africa and the projections differ 
more strongly between models (IPCC 2021). Much 
of equatorial Africa is projected to see increases 
in precipitation, but drying is projected in parts of 
southern Africa, coastal western Africa, the western 
part of the northern Africa and northern part of 
Madagascar. 

     

Figure 2.2 Africa, annual mean temperature and precipitation 
spatial distribution, 2015–2024 and 2050–2059, millimetres 
per day. 

Annual mean, ensemble mean (top) near surface 
temperature (°C) and (bottom) precipitation (mm/day) 
over Africa for (a and d) the present day (2015–2024 
mean), (b and e) the middle of the century (2050–2059 
mean), and (c and f) the change (future minus past) 
between those two periods, as simulated by the 
CMIP6 models under the SSP3-7.0 scenario. 

2.2.5 SUMMARY 
Studies across Africa are sparse. Significant data 
gaps exist in relation to the current and future state 
of air quality and its impacts. Whatever available 
data exists indicates the elevated levels of outdoor 
air pollution across the continent. Factors such as 
increasing urbanization, the growth of populations 
and anthropogenic sources, poor fuel quality and 
slow technological interventions suggest increased 
emissions are expected in many areas and may 
worsen air quality in the future. This highlights the 
need for a continent-wide analysis of current and 
future emissions in order to better quantify the current 
and future impacts on health, climate and agriculture. 
The comprehensive and coherent approach of this 
Assessment will provide such an evidence base. 
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2.3 CURRENT AND 
FUTURE ECONOMIC, 
POPULATION AND 
URBANIZATION TRENDS 
IN AFRICA  
MAIN MESSAGES

•	�By 2063, it is projected that 30 per cent of the global 
population will be living in Africa. This translates into 
Africa’s population growing substantially, from 1.3 
billion people in 2018 to 3.0 billion in 2063.

•	�Economic growth is projected to be driven by 
increases in the services sector and will account for 
the majority of GDP by 2063. The agricultural and 
industrial sectors are also projected to increase but 
will make up a relatively smaller fraction of Africa’s 
economy by 2063.

•	�Africa’s current rapid urbanization will continue 
its rising trend, leading to a higher proportion of 
households being in urban areas, about 69 per cent, 
than in rural areas by 2063. 

It has been established that air pollution is a growing 
concern globally and the foremost environmental 
challenge in the developing countries of Africa 
(Assamoi and Liousse 2010; Knippertz et al. 2015a) 
primarily due to increasing population, subsequent 
rural-urban migration and the attendant rapid rate 
of urbanization which outpaces the infrastructural 
planning process, and coupled with industrialization 
(Liousse et al. 2014). With increasing population, 
urbanization becomes unavoidable, and both 
promote the drive for industrialization as a means 
to economic growth. Energy consumption, which is 
at the core of economic growth, is directly linked to 
anthropogenic emissions of pollutants. A projection 
of Africa’s emission scenario would therefore require 
an understanding of the present and future trend of 
the drivers of population, urbanization and economic 
growth. This section presents results for the current 
and future economic, population and urbanization 
trends in Africa. These, the large-scale drivers that 
will impact Africa’s growth in the future, were used in 
the LEAP model to develop the projected emission 
futures for the baseline scenario (this chapter) and 
mitigation scenarios (Chapter 3).

2.3.1 POPULATION TREND
The population for each country is projected based 
on the UN Population Division World Population 
Prospects Medium Variant (Figure 2.3, orange line). 
It is projected that the total African population will 

increase from 1.3 billion people in 2018 to 1.7 billion 
in 2030, and to 3.0 billion people in 2063 (Figure 
2.3). In terms of the population growth rate, these 
increases represent a rate of 2.4 per cent per year 
between 2018 and 2030 and 1.8 per cent per year 
between 2030 and 2063. By 2063, there will 10.2 
billion people in the world according to UN WPP 
Medium Variant estimates, meaning that about 30 
per cent of the global population are estimated to 
be living in Africa, up from only 17 per cent in 2018. 
Currently in the 2020s, the African growth population 
rate of 2.3 per cent per year is more than twice the 
global average of 0.9 per cent per year. Also, by 2063, 
the global population growth rate is projected to fall 
to 0.33 per cent per year with population in regions 
such as Asia, Europe and Latin America projected to 
decline. Similarly, Africa’s population growth rate will 
also decline to 1.37 projected to decline, but which 
will be around four times the global rate.
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Figure 2.3 Africa, UN population projections, 2000–2063 

Note: The medium variant (orange line) is used in this Assessment 
Source: UN Population Division World Population Prospects 

2.3.2 ECONOMIC TRENDS 
The shared socioeconomic pathways (SSPs) 
provide alternative storylines as to how economies 
globally will develop. Substantial variations in the 
projections of economic growth across Africa are 
seen for 2018–2063 in the different SSPs (Figure 
2.4a). In this Assessment the GDP projections from 
SSP2 (Figure 2.4a, orange line) have been used as 
the basis for projecting long-term economic growth 
across Africa. SSP2 provides a middle-of-the-road 
scenario, and a central estimate of economic growth 
across Africa compared to the other SSPs. Because 
the SSP scenarios were quantified before the advent 
of the COVID-19 pandemic, this Assessment made 
adjustments in the near term to account for the 
likely impacts of COVID-19 on medium term growth 
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prospects for each country in the region. Specifically, 
medium-term growth forecasts from the International 
Monetary Fund IMF’s International Economic Outlook 
were applied to historical GDP data for the period up 
to 2025.  Thereafter, GDP projections were based on 
the long-term growth rates in the SSP2 scenario.   
Under the SSP2 scenario, the structure of Africa’s 
economy is projected to change as a result of changes 
that will occur in the overall GDP from the agricultural, 
service and industrial sectors (Figure 2.4b). For 
example, while the services sector is projected 
to increase most substantially, accounting for the 
majority in the economy by 2063, the agricultural 
and industrial sectors are also projected to increase 
but make up a relatively smaller fraction of Africa’s 
economy by 2063 (Figure 2.4b).
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Figure 2.4 Africa’s gross domestic product, 2000–2063, 
trillion5 2007 purchasing power parity dollars, (a) different 
shared socioeconomic pathways, and (b) the Shared 
Socioeconomic Pathway 2 scenario, disaggregated by the 
value added from the agricultural, services and industrial 
sectors. Source: WDI (2021).

5. Throughout this Assessment, trillion = 1012

Total GDP is broken down into its three major 
components: the value added from the agricultural, 
services and industrial sectors using historical data 
from the World Bank’s World Development Indicators 
(WDI 2021). Shares of value added are projected into 
the future using historical trends in the normalized 
shares of each sector. These trends indicate a 
growing share of GDP will come from the services 
sector, matching the trends seen in other regions of 
the world as income levels increase. Although the 
shares of industry and agriculture decrease, both 
sectors continue to grow significantly in absolute 
terms over the study period.

2.3.3 URBANIZATION TREND
The urbanization trends in this Assessment are 
based on the 2018 revision of the World Urbanization 
Prospects report (UNDESA 2018), with linear 
extrapolations for the period 2050–2063.
As the African continent is undergoing rapid 
urbanization (Chirisa 2008), this Assessment has 
included urbanization as a driver of development 
and emissions. Results reveal that by 2063 Africa is 
estimated to have almost 500 million households, more 
than double of the estimated number of households 
in 2018, with around six people per household. Also, 
the about 55 per cent of African households were 
estimated to be rural in 2018 (UN 2014). It is projected 
that there will be an increase in urban households and 
by 2030, there will be more urban households than 
rural ones in Africa (Figure 2.5). This increasing trend 
in urban households is projected to continue, reaching 
69 per cent by 2063. Moreover, this increasing 
trend in urban households suggests an increase in 
urbanization all over the African continent.	  
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Into the future, the drivers of population, economy and 
urbanization in Africa will undergo rapid changes. As 
the total African population is expected to increase 
from 1.3 billion people in 2018 to 1.7 billion in 2030, and 
3.0 billion people in 2063, the GDP will also increase, 
with the services sector becoming predominant. The 
current rapid urbanization of Africa will continue, 
leading to about 69 per cent of households being in 
urban areas by 2063.

2.4 DESCRIBING THE 
SECTOR TRAJECTORIES 
IN THE BASELINE 
SCENARIO
MAIN MESSAGES

•	�Historical and future projections under a baseline 
scenario of the drivers of the agricultural, energy 
and waste sectors’ emissions are presented. Under 
the baseline assumptions, the modelling projects 
large increases in air pollution and GHG emissions 
for all parts of Africa.

•	�In the modelling framework applied, the agricultural 
sector is driven by the demand for food. As a result 
of the increases in population and income, total 
food demand in Africa is also projected to increase 
substantially, by almost 50 per cent between 2018 
and 2030, and more than 2.5 times larger by 2063 
compared to 2018 levels. The composition of the 
average diet is also projected to shift in the baseline 
scenario, with an increase in meat and dairy 
consumption.

•	�The baseline scenario shows an increase in energy 
demand. The residential sector will account for a 
significant share of this energy demand, though the 
total energy consumption in this sector will decrease 
slightly due to the transition to cleaner efficient fuels 
and stoves as a result of increasing incomes.

•	�By 2063, transport will be the largest energy 
consuming sector followed by the industrial sector. 
The large increase in transport energy demand will 
overwhelmingly come from road transport, which 
will be split roughly 50/50 between freight and 
passenger transport, with a large growth expected 
in the number of private cars.

•	�The total amount of collected and uncollected 
waste is projected to increase. From 2030 a slight 
decrease is expected in the open burning of waste, 
which implies a change in waste management 
towards greater collection, increased resource-
use efficiency, adoption of circular economy and 
disposal of absolute waste in sanitary landfills. 

This section details sector-specific drivers used in 
the Assessment to develop the baseline scenario. 
The population, economic and urbanization trends 
(Section 2.3) informed sector-specific projections 
for agriculture, energy, and waste in the baseline 
scenario. In addition to the results of drivers per sector, 
a summary of the methods and sources of data used 
are presented per sector and sub-sector in the energy 
sector; a more detailed technical description of the 
inputs and assumptions per sector is given in Annex 
2.3.  It is important to note that the development of 
all of the scenarios in this Assessment followed a 
participatory and consultative approach that included 
discussions and feedback on methods applied, data 
sources used, and assumptions applied.   

2.4.1 AGRICULTURE 
SUMMARY OF METHODS USED AND SOURCES 
OF DATA
The method and historical data used to quantify 
GHG, SLCP and air pollutant emissions from the 
agriculture sector is an application of the modelling 
framework presented in Malley et al. (2021). The 
agricultural GHG, SLCP and air pollutant emission 
sources covered include: 
i.	 livestock – CH4; 
ii.	 �manure management, application and deposition – 

CH4, N2O, NOx and NH3; 
iii.	 �synthetic fertiliser application – N2O, NOx and NH3; 
iv.	 �agricultural residue burning;
v.	 fuel combustion in agricultural machinery. 

The modelling framework is a demand driven model. 
Therefore, the food demand is the key variable that 
determines the level of livestock and crop production 
necessary to meet this demand, accounting for food 
imports and food exports (Malley et al. 2021). 
RESULTS
Across Africa, between 2014 and 2018, the average 
person had approximately 2 600 kilocalories per day 
available for consumption – i.e., the food actually 
consumed plus the food wasted at the point of 
consumption (Figure 2.6a). This is equivalent to more 
than a million billion (1015) kilocalories consumed per 
year (Figure 2.6b).  Approximately half of this food 
demand was met by cereals, with roots and pulses 
making up other significant fractions of food intake 
from crops (Figure 2.6a). Consumption of livestock 
products contributed approximately 200 kilocalories 
per person per day to the average African diet, less 
than 10 per cent of food intake available. Beef and 
dairy from cattle contributed approximately half of all 
livestock products consumption, with pork, poultry 
(meat and eggs), sheep and goats contributing the 
remainder. 
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In the baseline scenario, the key driver, projected into 
the future to understand the changing emissions in 
the agricultural sector, was food demand. Future food 
demand in the baseline scenario reflects changes 
in the total number of kilocalories consumed and 
changes in the types of food products that are 
consumed. The future population and income (GDP 
per person) (shown in Section 2.3, Figures 2.3 and 2.4) 
are used to estimate future food demand. Increases 
in population reflect the larger number of people in 
Africa consuming food in the future, while increases 
in income show strong relationships with i) increases 
in overall daily kilocalorie intake, and ii) increases 
in the consumption of specific food products, such 
as meat. Gouel and Guimbard (2019) calculate 
elasticities between changes in income levels and 
consumption of different food categories, which 
have been applied in this work with GDP per person 
projections from SSP2 to assess how changes in 
income will affect diets in Africa between 2019 and 
2063. In general, this leads to increased consumption 
of meat and dairy, oils and fats, and sugar and other 
sweeteners as incomes rise, while the proportion 
of diet met by cereals, pulses, root crops and other 
staples decreases (Gouel and Guimbard 2019). As 
seen in Figure 2.3 the African population is projected 
to increase from 1.3 billion people in 2018, to 1.7 billion 
by 2030, and 3.0 billion people in 2063. Meanwhile, 
average incomes are projected in the baseline to 
increase from US$ 2 100 per person per year in 2018, 
to US$ 3 000 in 2030, and US$ 7 600 per person per 
year in 2063. 
As a result of these increases in population and 
income levels, total food demand (Figure 2.6b) is also 
projected to increase substantially, with an almost 
50 per cent increase between 2018 and 2030, and 
more than 2.5 times larger by 2063 compared to 2018 
levels. This equates to an average daily kilocalorie 
intake across Africa of 2 900 kilocalories per person 
per day in 2063 (Figure 2.6a). 
The composition of the average diet is also expected 
change in the baseline scenario.  This Assessment 
found that an increase in meat and dairy consumption 
is projected, with this category contributing 250 
kilocalories of food demand per day in 2030, around 
10 per cent of average daily kilocalorie intake, and 
493 kilocalories per day in 2063, about 17 per cent 
of average daily kilocalorie intake (Table 2.2). This 
consumption of meat and dairy remains well below 
consumption levels in high-income countries’, the 
average United States food intake, for example, has 
1  000 kilocalories of meat and dairy available per 
person per day. 
Compared to 2018, the consumption of vegetable 
oils, sugar, fruit and vegetables is also projected 
to make a larger proportional contribution to the 

average African daily food consumption in 2063 
(Table 2.2). Despite a proportional decrease in the 
contribution of cereals, pulses and root crops to 
the diet composition in the baseline scenario, these 
crops still constitute the largest overall fraction of the 
average African diet in 2063 – about 51 per cent of 
average daily kilocalorie intake. This, combined with 
the substantial increase in population, means that 
the overall demand increases for these staple crops 
(Figure 2.6b), along with the overall demand for meat 
and dairy, and other crops. 
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Figure 2.6 Africa, (a) average daily kilocalorie intake, 2014–
2018 (historical data) and 2019–2063 for the baseline 
scenario, (b) total number of kilocalories consumed by Africa’s 
population, 2014–2018 (historical data) and 2019–2063 for 
the baseline scenario

Table 2.2 Africa, average consumption per food group of daily 
food consumption, 2018, 2030 and 2063, per cent

MAJOR FOOD GROUPS
PER CENT

2018 2030 2063

BEEF AND DAIRY 3.56 4.57 8.91

OTHER MEAT AND EGGS 3.74 4.74 8.77

FRUITS 3.78 4.16 4.75

VEGETABLES 1.93 2.06 2.29

CEREALS 47.64 44.59 34.87

PULSES 4.01 3.80 3.17

ROOTS 16.18 16.08 13.02

VEGETABLE OILS 8.76 9.39 12.89

SUGAR 5.78 5.95 6.69

OTHER CROPS 4.62 4.66 4.65
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2.4.2 ENERGY
SUMMARY OF METHODS USED AND SOURCES 
OF DATA
Energy consumption is modelled in the baseline scenario 
by assessing likely trends in economic activities; energy 
intensities, energy per unit activity; and emission factors, 
emissions per unit energy consumption, in each of the 
main energy consuming sectors: industry, transport, 
households, services, agriculture and fishing, and the 
non-energy use of fuels.
Historical energy consumption statistics for the 
period 2000–2018 are used to establish trends and 
to overall levels of energy consumption in 2018 for 
calibrating the more detailed bottom-up calculations 
used in the projections for the period 2019-2063. 
Energy consumption statistics are taken from the 
International Energy Agency’s (IEA) World Energy 
Balances (IEA 2020) where available, or from the UN 
Energy Statistics Database (UN 2018) for countries 
not covered by IEA data. For each country, these 
data are used to establish overall levels of historical 
consumption and fuel shares for each major fuel in 
each sector for the period 2000–2018.
Activity levels in the industry, agricultural and services 
sectors for each country are taken directly from the 
value-added projections described in Section 2.3.2.  
In the household sector, the number of households in 
each country is used as the main indicator of energy 
use. Household numbers are calculated from the 
projection of population and household size –people 
per household. In the transport sector, a variety of 
methods are used to project activities depending 
on the mode (Section 2.4.2.3), but in each case the 
methods are tied to the change in average income 
seen in each country implied by the GDP and 
population projections described earlier.

Historical data on activity levels and overall energy 
consumption are combined to calculate historical 
energy intensity trends for the period 2000–2018 in 
all sectors. Two different approaches were adopted 
for projecting energy consumption into the future in 
the baseline scenario. For the industrial, services, 
agricultural and non-energy sectors where detailed 
data was not available, energy consumption is 
projected forward by extrapolating the trends in 
energy intensities and normalized fuel shares in 
combination with the previously described activity-
level projections for value added and GDP for each 
country. For the transport and household sectors, a 
more detailed bottom-up end-use oriented approach 
was adopted, providing greater insights into the 
end uses and technologies used in each sector and 
enabling assessment of important trends such as 
urbanization, transport-mode shifts, and the role of 
passenger versus freight transport. 

RESULTS

Energy demand for all types of fuels were modelled 
using the baseline scenario results show that for 
the entire African continent there will be an increase 
in energy demand of about 37  per cent in 2030 
compared to 2018. This increase in energy demand 
will continue and reach 164 per cent of 2018 levels 
between 2030 and 2063 (Figure 2.7a). Also, main 
sectors, such as the residential sector identified 
as high energy consuming in 2018 (IEA 2019), will 
continue to be significant in the baseline scenario. In 
terms of total energy consumption, however, there is 
a slight decrease as the result of income increasing 
due to the transition tow cleaner and more efficient 
fuel use. In addition, sectors, such as industry and 
transport, will record the largest increase in the 
energy demand between 2018 and 2030. By 2063, 
the transport sector will stand as the largest energy 
consuming sector followed by the industrial sector.
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Figure 2.7 Africa, (a) total final energy demand disaggregated 
by sector, 2000–2063, thousand petajoules; (b) total final 
energy demand disaggregated by fuel, 2000–2063, thousand 
petajoules; and (c) electricity generation disaggregated by 
fuel, 2000–2063, ‘000 terawatt hours.

The analysis of trends in the energy consumption 
of different sectors emphasizes the expected 
changes of different fuel types over the entire period 
considered, 2000–2063. Demand for oil and gas are 
projected to increase substantially (Figure 2.7b). This 
is true especially for diesel and gasoline fuel types. 
Concerning the use of biomass, it remains constant 
in the model as the result of a balance between the 
increase in the number of households and a larger 
fraction of households switching to the use of cleaner 
fuels – away from wood and increases in the use 
of charcoal and LPG – and a change in cooking 
technology.
Finally, electricity demand is also projected to 
increase substantially as a result of a significant 
increase in electricity generation (Figure 2.7c). 
Electricity generation will be mainly met through 
increases in natural gas and diesel, while coal, hydro 
and other renewable energy sources are projected to 
have more limited increases.

2.4.2.1 INDUSTRY  
The industrial sector emissions were estimated 
based on their historical energy consumption, with 
their projection based on the growth in the GDP from 
industry (Figure 2.4b). It is important to underline the 
lack of data that would have contributed to providing 
individual growth projections for the industrial 
sector and associated sub-sectors. Thus, in this 
Assessment, it is assumed that the industrial growth 
rate remains the same for all industrial and associated 
sub-sectors. This implies that, when potential 
changes occur in major economic sectors, such as 
agricultures and services, and are represented in 
the modelling, these changes do not reflect in the 
modelling of the industrial sector. 
It is projected that the African economy’s size as a 
whole will increase by 64 per cent by 2030 compared 
to the 2018 level, and this increasing trend will 
continue to 2063, by when it will be more than seven 
times higher than in 2018 (Figure 2.4b). In 2018, 
African industry accounted for 29 per cent of GDP, 
equivalent to 2007 PPP US$ 1.75 billion. The absolute 
value of the industrial sector is projected to increase 
by 47 per cent and 559 per cent, respectively, by 
2030 and 2063. The relative contribution of industry 
is, however, projected to decrease slightly, to 26 per 
cent of Africa’s economy by 2030, and 25 per cent 
by 2063, as result of the important increases in the 
service sector’s contribution to GDP.
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2.4.2.2 RESIDENTIAL/HOUSEHOLDS
SUMMARY OF METHODS USED AND SOURCES 
OF DATA
For the household sector, a bottom-up model was 
established that separately estimates the energy 
consumption in urban and rural households in each 
country for each major end use, i.e., cooking, lighting, 
refrigeration, air conditioning and other uses. The 
model was based on a variety of databases and 
models including the WHO’s cooking and lighting 
databases (WHO 2019) that describe the main fuels 
used for cooking and lighting in different countries, 
the BUENAS modelling methodology used to 
estimate air conditioning and refrigerator stocks as a 
function of national income levels and, in the case of 
air conditioning, average national climate conditions 
as measured by cooling degree days (McNeil et al. 
2012), and the Global Data Labs (GDL) database of 
development indicators (Smits and Permanyer 2019)
This bottom-up model was calibrated to closely match 
the top-down historical energy-consumption data 
taken from the IEA and UN energy databases for the 
first scenario year (2018) and then the bottom-up model 
was used as the basis for projections for the period 
2019–2063. In the baseline scenario, these projections 
took into account overall trends in population growth, 
urbanization, declining average household sizes, 
growing average income levels and increasing air 
conditioning needs due to climate change. The model 
also took account of the gradual transition away from 
traditional fuels, wood, charcoal, kerosene, coal, dung, 
etc., and toward the use of cleaner fuels (LPG, natural 
gas, electricity) for cooking and lighting driven by 
these income trends. It is assumed that these trends 
will occur in the baseline scenario to some extent, 
even in the absence of active policies promoting clean 
cooking and lighting, as has happened in most regions 
of the world. Specifically, in the baseline scenario it is 
conservatively assumed that the transition to modern 
fuels will be completed in urban areas once average 
per person incomes reach PPP US$ 30 000 and PPP 
U$ 35 000 in rural areas.  
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Figure 2.8 Multi-country regression showing predominance 
of clean cooking fuels versus average income levels, per cent 
and 2016 PPP US$ per person 

Source: WHO cooking database (WHO 2019) World Bank Develop-
ment Indicators (WDI 2022).

The model assumes that as countries average 
per person income approaches these values, so 
the share of clean fuels used approaches 100 per 
cent (Figure 2.8). Most African countries are not 
projected to reach these average income levels in 
the study period – the median per person average 
income level in 2063 is PPP US$ 13 300 – and thus 
the baseline scenario shows only a partial transition 
from traditional to cleaner fuel use.  
Another important factor is urbanization. Urban 
households tend to have greater access to cleaner 
fuels for cooking and lighting, but they also tend 
to make greater use of charcoal compared to rural 
ones, in which wood fuel is more common. Thus, in 
the baseline scenario, urbanization trends tend to 
emphasize the transition to cleaner fuels but they 
also tend to prolong the use of charcoal, which in turn 
tends to increase the use of wood as a fuel due to the 
inefficiency of charcoal making processes.

RESULTS
Some of the overall energy demand results of the 
modelling in the household sector are illustrated 
in Figure 2.9 for Africa as a whole. There is a close 
correlation of results between the historical period 
(2000–2018) and the bottom-up projections for the 
period 2019–2063. Note also that final consumption 
of wood and dung (primary biomass) peaks in 2045, 
while charcoal consumption continues to grow until 
2060.  Figure 2.9c illustrates the projected end use of 
the fuels. It can be seen that a majority of the use is 
for cooking in both rural and urban areas.
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Many households across Africa use multiple fuels 
for cooking, even when electricity is the primary one 
(Masera et al. 2000; Madubansi and Shackelton 2007; 

Uhunamure et al. 2017).  The number of households 
disaggregated by fuel type used for cooking is 
shown in Figure 2.10. The number of households 
is estimated to increase from around 200 million in 
2020 to more than 450 million in 2063 (Figure 2.10). 
It is also projected that there will be a gradual shift 
to the use of gas (light red) and electricity (dark red) 
for cooking. The electricity used for cooking will 
increase in 2063 compared to the current period. 
This increase in electricity use is not homogenous 
everywhere in Africa (Annex 2.3). While, for example, 
the use of electricity for cooking does not increase 
in the central part of Africa, where gas remains the 
major clean fuel that increases penetration in the 
baseline, or in Southern Africa as there is currently 
a substantial fraction of the population already using 
electricity. Therefore, the baseline scenario reflects a 
larger proportion of population using electric cooking 
over Southern Africa compared to other parts of the 
continent, currently and in the future. In addition, in 
North Africa, gas, which currently is the dominant fuel 
for cooking, will remain predominant in the baseline 
scenario. Overall, despite the use of cleaner fuels, 
gas and electricity, increasing over the continent, 
there will still be an important absolute number of 
households using biomass, wood and charcoal. The 
technology for cooking using wood and charcoal in 
the baseline is assumed to remain as the traditional 
lower-efficiency biomass stoves.

M
illi

on
 H

ou
se

ho
lds

2020 2030 2040 2050 2063

HOUSEHOLDS COOKING WITH DIFFERENT FUELS
IN THE BASELINE SCENARIO

Other Fuels/No Cooking Dung Charcoal Wood

Kerosene LPG Natural Gas Electricity

 -

 100.0

 200.0

 300.0

 400.0

 500.0

Figure 2.10 Africa, households cooking using different fuels 
and technologies in the baseline scenario, 2019–2063, millions 



CHAPTER 2: AFRICA’S FUTURE UNDER A CURRENT POLICY TRAJECTORY

25

2.4.2.3 TRANSPORT SUMMARY OF METHODS USED 
AND SOURCES OF DATA
As in the household sector, modelling of transport 
sector was also based on a bottom-up model that 
took account of different modes, road, rail, aviation, 
shipping and pipelines, where possible differentiated 
between passenger and freight transport. It also 
considered different vehicle types – cars and taxis, 
buses, motorcycles and non-motorized transport 
passenger transport, and light- and heavy-duty 
road freight.  The modelling also took into account 
different technologies, such as internal combustion 
engines, hybrid and pure electric vehicles, and fuels, 
including diesel, gasoline and electricity. Finally, the 
modelling also considered different emission-control 
technologies. In particular, for internal combustion 
engine vehicles technologies with no emissions 
controls were considered, as well as the possibility of 
moving to basic, European Emission Standard II) and 
then more advanced emissions controls (European 
Emission Standard V).
The detailed bottom-up projections by mode and 
technology were based on a variety of data sources, 
which were used to develop activity-level projections. 
For transport estimates of vehicles, vehicle-
kilometres (number of vehicles x average length 
of distance travelled) and passenger-kilometres 
(number of passengers transported x average 
distance travelled) were developed based on such 
sources as the International Organisation of Motor 
Vehicle Manufacturers (OICA6) for vehicle numbers by 
country, the International Council on Clean Transport 
(ICCT) Transport Roadmap (ICCT 2013) for data on 
load factor and annual average distance travelled 
for road transport. For rail transport, passenger-
kilometres and tonne-kilometres (mass of freight 
transport x average distance travelled) data compiled 
in the World Bank WDI (WDI 2022) were used, which 
in turn draw upon data from the International Union of 
Railways (UIC). Similarly, for air transport, WDI data 
for freight- and passenger-kilometres drawn from the 
International Civil Aviation Organization (ICAO), civil 
aviation statistics were used. Fuel economy estimates 
for different modes and vehicles were drawn from a 
variety of past LEAP analyses for Ethiopia, Ghana, 
Kenya, South Africa and Uganda. Energy intensities 
for other modes are based on a variety of sources, 
such as the 2012 IEA/UIC Railway Handbook or 
are calculated endogenously, based on the energy 
consumption statistics from the IEA and UN Energy 
Statistics database.

6. https://www.oica.net/

As in the household sector, the bottom-up model 
was calibrated to match with the top-down historical 
energy consumption data within each country, mode 
and fuel. These data were taken from the IEA and UN 
energy databases for the first scenario year, 2018, 
and then the bottom-up model was used as the basis 
for projections for the period 2019–2063. For road 
transport, future vehicle numbers were projected as 
the product of population and the number of vehicles 
per person. Vehicles per person for each country 
were estimated based on a multi-country regression 
of vehicle ownership and average income per person 
(Figure 2.11).                 
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Figure 2.11 Multi-country regression of vehicle ownership and 
average income, vehicles per ‘000 people and PPP US$ per 
person

Source: OICA, ICCT and World Bank (see Section 2.4.2.3 for 
details).

This regression indicates that ownership approaches 
roughly one vehicle per person as average annual 
incomes approach 2016 PPP US$ 120  000 per 
person. No African countries approach such income 
levels over the study period; thus, in the model, it is 
assumed that vehicle ownership will increase based 
on the growth in average income in each country. The 
result is that median levels of vehicle ownership in 
Africa increase from 40 vehicles per 1  000 people 
today to about 122 vehicles per 1 000 people in 2063. 
Some countries do see vehicle ownership in 2063 
above 600 vehicles per 1 000 people, which is similar 
to levels seen today in some high- income countries. 
Growth in other modes is assumed to follow the 
national GDP growth rate.
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The transport sector is modelled in the LEAP based on 
the demand for passenger and freight transport. This 
demand used the number of passenger- and tonnes-
kilometres. Since it is expected that the population 
and economy in Africa will increase substantially, 
it is also expected that transport demand for both 
passengers and freight will increase. Therefore, for 
transport, the number of passenger-kilometres is 
projected to increase by about 51 per cent between 
2018 and 2030, and by 2063 it is projected to be 
almost four times 2030 levels (Figure 2.12a). Similarly, 
for freight transport, the number of tonnes-kilometres 
will increase about 49 per cent between 2018 and 
2030 and in 2063 will be 3.6 times 2030 levels (Figure 
2.12b). 
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Figure 2.12 Africa, (a) total passenger transport demand 
disaggregated by transport mode, trillion passenger-kilometres 
and (b) total freight transport demand disaggregated by 
transport mode, billion tonnes-kilometres, 2000–2063 (see 
Section 2.4.2.3 for data sources behind projections)

RESULTS
The baseline scenario assumes very little change in 
terms of fuel, technology, modal shifts or transport-
demand management. In particular, it assumes no 
significant electrification of transport and measures 
to improve fuel economy or reduce tailpipe transport 
emission factors.
The resulting energy consumption trends in the 
baseline scenario for the transport sector are shown 
for Africa as a whole in Figures 2.13 a, b and c. The 
baseline scenario reflects a future with tremendous 
growth in transport energy demand, which is met 
overwhelmingly by road transport (Figure 2.13a). 
Transport fuel use is dominated by gasoline and 
diesel consumption (Figure 2.13b) with electricity 
consumption in the baseline scenario remaining 
insignificant in 2063. Energy consumption for road 
transport is split roughly 50/50 between freight 
and passenger transport, with significant growth 
expected in the number of private cars and their 
energy use (Figure 2.13c).  
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Figure 2.13 Africa, total energy consumption for road transport 
by (a) mode of transport, 2000–2063, (b) fuel used, 2000–
2063, and (c) vehicle type in freight and passenger, 2019–
2063, thousand petajoules. 

2.4.2.4 ENERGY SECTOR TRANSFORMATION 
To ensure the energy-sector modelling 
comprehensively covered all energy-sector emissions 
of GHGs and SLCPs the LEAP model for Africa also 
covered all major energy-transformation sectors – i.e., 
transmission, distribution and conversion. The model 
was based on the sectoral structure adopted by the 
IEA for its reporting of national energy balances and 
included modelling of the following basic sectors: 
transfers; transmission and distribution; energy 
sector own use; electricity generation; oil refining; 
coal and gas liquefaction, only important in Nigeria 
and South Africa; charcoal making; coal mining; and 
oil and gas extraction. Using this structure allows 
standard format energy balances to be produced 
for each country and region, and the continent 
as a whole, as well as also helping to ensure that 
emissions reporting matches the standards adopted 
by the IPCC and UNFCCC.
Most of these sectors were modelled in a relatively 
simple fashion based on high-level historical energy 
statistics maintained by the IEA in its World Energy 
Balances data (IEA 2021) or the UN in its Energy 
Statistics database (UN 2021) for countries not 
covered by the IEA database.  These data were used 
to calculate inputs, outputs, high level conversion 
efficiencies, and levels of fuel imports to and exports 
from each country. In some cases, data gaps, mainly 
for smaller countries, were filled by calculating Africa-
wide average values. 
For most sectors, the baseline scenario assumed no 
future changes in energy efficiencies and the energy 
trade, and a gradual increase in production driven by 
growing demands for energy calculated previously. 
This reflects the baseline scenario’s assumed absence 
of explicit new energy and emissions policies.
Some sectors, such as electricity generation, were 
modelled in more detail reflecting their importance 
as sources of GHGs and SLCPs.  Modelling of the 
electricity-generation sector included both historical 
and forward-looking modelling of its generation 
capacity data for different types of power plants and 
simplified modelling of the likely production of those 
power plants. Accurate modelling of this is important 
for improving the accuracy of emission calculations, 
since many of most polluting fossil-fuel power plants 
are used primarily to meet peak electricity demands 
in some African countries, which otherwise rely on 
hydropower for much of their baseload. Twenty types 
of power plants were modelled reflecting different 
feedstocks – coal, oil, natural gas, biomass, nuclear, 
hydropower, wind, solar, geothermal, municipal solid 
waste, etc.; and different technologies – steam turbine, 
gas turbine, combined cycle, internal combustion 
engine, onshore and offshore wind, photovoltaics, etc.



CHAPTER 2: AFRICA’S FUTURE UNDER A CURRENT POLICY TRAJECTORY

28

Historical modelling of the generating capacity of 
these plants was based on data aggregated from the 
Global Power Plants Database (WRI GPPDB 2020), 
supplemented by the S&P World Electric Power 
Plants Database (WEPP 2020) and the IEA World 
Energy Balances (IEA 2021). Additional sources were 
used to estimate technical characteristics of electric 
generating systems, such as plant efficiencies 
and capacity factors. These sources included the 
National Renewable Energy Laboratory (NREL) 
Annual Technology Baseline (ATB 2020), the Energy 
Technology Systems Analysis Program (ETSAP) 
Technology Briefs (2010-2013), the IEA’s World Energy 
Balances, and SEI’s own estimates from past LEAP-
based studies of African national energy systems.
The GPPDB and WEPP, which include data describing 
planned future additions and retirements of power 
plants, were used as the basis for estimating likely 
future capacity additions of each different power 
plant type for the period 2018–2024.  For the period 
2025–2063, further capacity additions in the baseline 
scenario were assumed to follow the patterns of 
additions made in each country for the period 2010–
2025. In the case of hydropower, geothermal, wind 
and solar energy, these levels of additions were cross-
checked, and where necessary constrained against 
estimates of the total maximum economic potential 
for those technologies to ensure that the extrapolated 
additions did not exceed the total resource base. The 
resource base for these technologies was estimated 
from a variety of resources including the World 
Energy Council’s Survey of World Energy Resources 
(WEC, 2013) and the International Renewable Energy 
Agency (IRENA) report Estimating the Renewable 
Energy Potential in Africa (IRENA 2014, 2021). 
Another very important transformation sector for 
Africa is charcoal making. For this sector, current 
and more advanced charcoal kilns were separately 
modelled. The efficiency of existing kilns was 
calculated from the IEA’s World Energy Balances (IEA 
2021). Charcoal making efficiency varies by country 
but on average is only about 26.9 per cent efficient, 
on an energy basis, for the continent. To reduce the 
growth in demand for primary biomass, it will be vital 
both to transition away from charcoal consumption 
and to improve the efficiency of charcoal making. 
Therefore, the possibility of switching to more efficient 
charcoal kilns, which are assumed to have an energy 
efficiency of 47 per cent, is included. These kilns are 
not, however, employed in the baseline scenario, in 
which the efficiency of kilns remains constant.
The Stockholm Environment Institute’s standard 
sets of emission factors for GHGs and SLCPs 
were employed to calculate both combustion- and 
process-related emissions from each sector. It should 
be noted that, in some sectors such as electricity 
generation, emissions are calculated in proportion 

to the energy content of the feedstock fuels used in 
each process. In other sectors, such as oil refining, 
emissions calculations are based on the auxiliary fuel 
consumption in the refinery, rather than the quantity 
of crude oil it processed. In other sectors, such as 
charcoal making, sector-specific emissions factors 
were utilised from a variety of sources. The Institute’s 
standard set of emission factors used in these 
analyses are those of Vallack and Rypdal (2019).

2.4.3 WASTE
SUMMARY OF METHODS USED AND SOURCES 
OF DATA
The waste emissions modelling framework was 
developed using the methodologies and approaches 
outlined in IPCC guidelines (IPCC 2019). Emission 
factors are taken from the IPCC guidelines and 
European Monitoring and Evaluation Programme 
/European Environment Agency (EMEP/EEA) 
guidebook (EMEP/EEA 2019). These emissions include 
municipal solid waste, which includes CH4 emissions 
from landfill sites and domestic wastewater as well 
as emissions associated with waste incineration and 
open burning of waste.
To estimate these emissions, the solid waste 
generated is estimated from 1960–2018 historical 
data for urban and rural populations separately, 
by multiplying the urban and rural population by 
waste generation rates from IPCC Guidelines and 
Refinement. The composition of the waste generated 
in urban and rural areas is then split into the IPCC 
waste categories, including food, garden waste, 
paper and cardboard, disposable diapers, plastic, 
metal, glass, wood, textiles, rubber and leather, and 
others. The per centage of each type of waste in the 
total generated was based on IPCC Guidelines and 
Refinement (IPCC 2019). 

RESULTS
The results reveal that between 1990 and 2063, the 
amount of waste increased across all categories 
(Figure 2.14a) as the result of increases in both the 
population and GDP. Waste can be openly burned at 
home or in informal sites only when it is not collected, 
or at open dump sites that are not properly managed 
(Wiedinmyer et al. 2014). The increasing trend in 
waste being burned between 1990 and 2020 slightly 
decreases around 2030 and continues as more 
waste is expected to be collected (Figure 2.14b) as 
the consequence of GDP increasing. This implies 
an expected change in practices of waste disposal 
which projects more waste collected and disposed 
in landfills. In addition, there will be more waste 
generated, particularly food and plastic waste due to 
increases in GDP.
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Figure 2.14 Africa, (a) waste disposal and management, by 
type, collected and uncollected, and (b) total waste collected, 
type, 1990–2063, million tonnes

2.4.4 SUMMARY
Large increases across sectoral drivers are seen in 
the baseline scenario. This is unsurprising as they 
are driven in part by the population, economic and 
urbanization trends (Section 2.3) with no changes 
in policies or plans to manage and decrease 
emissions. This scenario does capture projected 
shifts from historical trends, including changes in the 
composition of average diets, moves towards cleaner 
fuels, gas and electricity, in households, and small 
increases in the collection of waste. The impacts of 
the increases in all sectors are discussed in sections 
2.5 and 2.6.

2.5 MODELLING 
THE PROGRESSION 
OF AFRICA’S 
ANTHROPOGENIC 
EMISSIONS IN THE 
BASELINE CASE
MAIN MESSAGES

•	�The baseline scenario shows large increases in 
emissions of GHGs, SLCPs and air pollutants. The 
total GHG emissions are projected to increase from 
4 billion tonnes in 2018 to 14 billion tonnes of carbon 
dioxide equivalent (CO2-eq) emissions in 2063. The 
agriculture, forestry and other land use (AFOLU) 
sector contributes the most to GHG emissions 
across the period studied in the Assessment and 
is responsible for large increases in CH4 and N2O 
emissions, while the power generation and transport 
sectors are responsible for the increase in CO2 
emissions between 2018 and 2063.

•	�Emissions of air pollutants and SLCPs are projected 
to increase in the baseline scenario. The largest 
emitting sector varies by pollutant, with household 
energy, charcoal making, and transport sectors 
contributing considerably to the emissions of 
different pollutants.

•	�At the regional level, the largest increases in GHG 
emissions are expected in the eastern and western 
parts of the continent, while the smallest, in 
ascending order, are expected in Northern, Southern 
and Central Africa.

•	�A benchmarking of the emissions estimated in the 
Assessment to other applicable inventories, that 
have their own baseline scenario, was performed. In 
general, the Assessment’s emissions are within the 
range of other inventories. The largest differences 
between this Assessment and other inventories 
are for NOx, NMVOC and CO, all of which are 
higher in this Assessment. These differences are 
mainly due to the uncertainties in activity data and 
emission factors, which leads to different choices 
of these in the studies. This highlights the need for 
further research on locally applicable emissions 
information.

•	�The average GHG emissions per person does not 
change greatly over the time period studied and will 
continue to be lower than current levels in the high-
income countries of Europe and North America.
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•	�The ratio of GHG emissions to GDP is projected to 
decrease substantially. Thus, even in this baseline 
scenario, the GDP increases projected to 2063 do 
not lead to an equal increase in emissions.

The projections of activity per sector shown in 
Section 2.4 were used to estimate emissions of 
pollutants and GHGs at a national level under the 
baseline scenario. The emission results are presented 
in this section for the whole of Africa (Section 2.5.2) 
and a summarized view is presented per region 
(Section 2.5.3) with a detailed analysis in Chapter 
4. The emissions estimated in the Assessment are 
compared to available inventories, where possible, to 
provide some benchmarking of the results (Section 
2.5.4). The relationships between emissions and their 
growth factors are discussed to examine the evolution 
of emissions by factor in Section 2.5.5. 

2.5.2 ANTHROPOGENIC EMISSIONS 
TREND IN AFRICA 	
This section focusses on emission trends from the 
reference emissions and simulated trajectories 
described in Section 2.4. Emissions of GHGs, SLCPs 
and air pollutants were evaluated using the LEAP 
model over the period 2018-2063 and the results are 
presented in Table 2.3.
Table 2.3 Africa, total emissions of greenhouse gases, short-
lived climate pollutants and air pollutants for the baseline 
scenario, 2018 and 2063, thousand tonnes

GHG/SLCP/
POLLUTANT

EMISSIONS PER POLLUTANT  
(‘000 TONNES)

2018 2030 2063

CO2 2 460 3 020 6 700

CO 129 657 172 067 377 790

CH4 48 449 69 069 207 805

NMVOCs 42 510 55 682 111 298

NOX 9 741 15 506 51 583

N2O 902 1 456 5 592

PM10 11 552 14 228 23 834

PM2.5 7 747 10 026 18 567

SO2 5 469 7 011 20 519

NH3 8 991 13 211 47 342

BC 1 225 1 401 2 738

OC 3 621 4 343 8 094

HFC-134a 23.1 16.6 39.4

HFC-125 10.1 7.3 17.2

HFC-143a 5.2 3.8 9

HFC-32 5.7 5.1 12

Note: additional years shown in Annex 2.6

As shown by Table 2.3, emissions of all species are 
projected to increase. In the following sections, the 
results will be presented by type of pollutant, GHGs, 
SLCPs and air pollutants; sectors; and regions of 
Africa.

2.5.2.1 TOTAL GREENHOUSE EMISSIONS
The total GHG emissions are projected to increase 
to 14 billion tonnes CO2-eq emissions in 2063, 
compared to 4 billion tonnes in 2018, representing 
more than three times current levels (Figure 2.15). By 
2030, the GHG emissions are projected to increase to 
5.4 billion tonnes CO2-eq, an increase of 35 per cent 
as compared to 2018 levels. 
Disaggregation of these emissions by sector reveals 
that the AFOLU sectors will be the largest emitters of 
GHGs, followed respectively by electricity generation 
and transport (Figure 2.15).  
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Figure 2.15 Africa, total greenhouse gas emissions in the 
baseline scenario, 2000–2063, billion metric tonnes of 
carbon dioxide equivalent (100-yr GWP)

2.5.2.2 GREENHOUSE GAS EMISSIONS PER MAIN 
SPECIES
It can be seen that CO2 emissions are projected to 
increase by 23 per cent by 2030 compared to 2018 
and are 2.7 times 2018 levels by 2063 (Figure 2.16a). 
It is also projected that CH4 emissions will increase 
over Africa by about 21 per cent by 2030 compared to 
the 2018 level; while reaching more than 4 times 2018 
levels by 2063 (Figure 2.16b). Nitrous oxide levels are 
also projected to increase between 2018 and 2063 to 
about five times 2018 levels (Figure 2.16c).
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Figure 2.16 Africa, (a) total carbon dioxide emissions, million 
tonnes, (b) total methane emissions, million tonnes and (c) 
total nitrous oxide emissions, thousand tonnes, in the baseline 
scenario, 2000–2063

The growth in the agricultural sector drives large 
increases in CH4 and N2O. In the baseline scenario, the 
CH4 and N2O emissions from agriculture are expected 
to grow due to the large population growth and 
socioeconomic development driving increased meat 
consumption. There will therefore be a large increase 
in the projected demand for food and livestock in 
response to these populations’ needs, implying more 
CH4 emissions from enteric fermentation and manure 
management. In contrast, electricity generation and 
transport sectors drive the increase in CO2 emissions 
between 2018 and 2063. 

2.5.2.3 SHORT-LIVED CLIMATE POLLUTANTS AND 
AIR POLLUTANT EMISSIONS UNTIL 2063
The historical data and projections of SLCP emissions 
and their precursors are shown in Figure 2.17. Black 
carbon emissions will substantially increase between 
2018 and 2063 (Figure 2.17a), by about 14 per cent by 
2030 and about 123 per cent by 2063 compared to the 
2018 levels. Similar patterns will also be observed for 
PM2.5 (Figure 2.17b), NOx (Figure 2.17c), and NMVOC 
(Figure 2.17d); as they will all substantially rise by 
2063. It should be noted that the apparent decrease 
of emissions in 2019 is an artefact from matching the 
historical data, which lacked information on vehicle 
type and emissions-control standards, to the projected 
results that explicitly model the vehicle fleet. 
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Figure 2.17 Africa, (a) total black carbon emissions (b) total fine 
particulate matter emissions (c) total nitrogen oxide emissions 
and (d) total non-methane volatile organic compounds (e) 
sulphur dioxide emissions in the baseline scenario, 2000–
2063, million tonnes 

Particulate matter, including BC and PM2.5, emissions 
from households, which in 2018 are the largest 
emitters, are projected to decrease between 2018 
and 2063. As noted in Section 2.4, a slight decrease 
in energy consumption is projected in the household 
sector due to the transition to cleaner and more 
efficient fuels use. However, PM emissions from 
charcoal production are projected to increase 
substantially because of the need to meet urban 
households’ demand for cooking fuel. Also, a minor 
portion of PM and BC emissions are expected from 
the industrial sector, which will gradually increase 
and become more substantial by 2063. The transport 
sector drives the increase in NOX emissions.

2.5.3 EMISSIONS PER AFRICAN REGION 
2.5.3.1 TOTAL EMISSIONS AND MAIN GREEN-
HOUSE GAS SPECIES EMISSIONS
Total GHGs emission per species and per African 
region are shown in Figure 2.18. Growth of GHGs, 
SLCPs and air pollutants to 2063 will be lowest over 
Northern Africa as a result of the combination of its 
smaller population and GDP growth compared to 
the remaining regions of Africa. Moreover, Southern 
Africa will undergo lower growth emissions, compared 
to the West, Central and East Africa, driven by its 
economy, which is relatively more developed, will 
grow less with smaller population growth. The Central 
Africa will record lower growth in GHGs compared 
to the West and East of Africa, which is mainly due 
to the assumed increase in carbon sequestration in 
the baseline scenario that offsets the increases in 
GHG emissions from other sources. Thus, the largest 
increases in GHG emissions are expected over East 
and West Africa.
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Figure 2.18 Total African carbon dioxide, methane and nitrous 
oxide emissions disaggregated by geographic region, 2018–
2063, million tonnes CO2 equivalent
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2.5.3.2 EMISSIONS OF SHORT-LIVED CLIMATE 
POLLUTANTS AND AIR POLLUTANTS 
For SLCPs and air pollutants, there are substantial 
increases in, for example, BC, PM2.5 and SO2  emissions 
to 2063 in West, Central and East Africa (Figure 2.19), 
reflecting increases in population and socioeconomic 
development that is driven by increases in fossil-
fuel consumption and more intensive agricultural 
production to meet future food demand.
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Figure 2.19 Africa, (a) total black carbon (b) total PM2.5 and 
(c) sulphur dioxide emissions  disaggregated by geographic 
sub-region, 2018–2063, thousandetric tonnes

2.5.4 COMPARISON WITH OTHER 
EXISTING REGIONAL INVENTORIES
The emissions simulated in the baseline are compared 
to emissions from other regional and global emission 
inventories that include Africa under a baseline 
scenario, specifically, DACCIWA (Keita et al. 2021) for 
regional inventories and the Community Emissions 
Data System (CEDS) (McDuffie et al. 2020), the 
Copernicus Atmosphere Monitoring Service (CAMS) 
(Granier et al. 2019), which is based on the Emissions 
Database for Global Atmospheric Research (EDGAR), 
and EDGAR v6 (Crippa et al. 2021) (Figure 2.20). As 
the Assessment’s baseline scenario was developed 
specifically for it, the other inventories’ scenarios are 
not exactly the same. Comparing the Assessment’s 
baseline scenario with the other inventories, however, 
provides an important benchmark for its results. 
Except for NOx, NMVOC and CO emissions, the 
Assessment’s scenarios are within the range of the 
other inventories. The largest differences between 
this Assessment and the others were highest for 
NOx, NMVOC, and CO, respectively 135 per cent, 
175 per cent and 29 per cent. These differences are, 
however, relatively smaller in the regional DACCIWA 
inventory at 20 per cent, 139 per cent and 18 per 
cent higher respectively for NOx, NMVOC and CO. 
These differences are mainly due to the uncertainties 
in activity data and emission factors, which led to 
different choices made in those studies. For CO2 and 
CH4, the relative difference between the emissions in 
this Assessment and the other inventories is relatively 
smaller, with a maximum difference of 20 per cent, 
compared to the air pollutants as shown by Figure 
2.21. This can be partly explained by the use of the 
IPCC default emission factors by all inventories in 
general.

Figure 2.20 Africa, comparison of emissions of selected air 
pollutants in this Assessment (red line) and other regional and 
global inventories, 2000–2020, million tonnes /teragrams (Tg)
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Figure 2.21 Africa, comparison of carbon dioxide and methane 
emissions in this study (red line) and other regional and global 
inventories, 2000–2020, million tonnes /teragrams (Tg) 

2.5.5 EMISSIONS CHANGE IN RELATION 
TO DIFFERENT SOCIOECONOMIC 
METRICS
Overall, in Africa there will be substantial increases in 
GHG, SLCP and air pollutant emissions in absolute 
terms under the baseline scenario. This would be 
expected as, when the drivers of emissions grow, such 
as population, GDP, urbanization, transport demand, 
energy production and use, etc., the emissions 
generally grow as well – unless emission reduction 
measures and policies are enacted. To disentangle 
these relationships, it is helpful to investigate the 
change in emissions per driver. 
The emissions per person in Africa in this Assessment’s 
baseline scenario are lower than the current levels in 
high-income countries of Europe and North America. 
The 2018 level of GHG emission per person in Africa 
is estimated at just over 3 tonne CO2-eq per person, 
and these GHGs emissions are expected to increase 
to around 4.7 tonnes CO2-eq by 2063 (Figure 2.22). 
For comparison, in 2018, emissions in the European 
Union were 8.6 tonnes CO2-eq per person (EEA 2022).
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Figure 2.22 Africa, emissions in the baseline scenario of 
greenhouse gases, carbon dioxide, nitrous oxide and methane, 
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Considering the ratio of emissions to GDP, the 
emissions intensity, i.e. tonnes of CO2 -eq emitted per 
PPP$ of GDP) is projected to decrease substantially 
(Figure 2.23). Thus, even in this baseline scenario, the 
GDP increases projected to 2063 do not lead to an 
equal increase in emissions, similarly to global trends 
(World Bank 2022c).
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2.5.6 SUMMARY
The baseline scenario showed large increases in 
GHG, SLCPs and air pollutant emissions, as shown 
in the projections of activity data by sector in Section 
2.4. The AFOLU sector is the largest contributor to 
CH4 and N2O emissions over the 2020–2063 period, 
while the power generation and transport sectors 
are responsible for the increase in CO2 emissions. 
For air pollutants and SLCPs, the highest emitting 
sector varies by pollutant, with the domestic-energy, 
charcoal-making and transport sectors making large 
contributions for all pollutants. Per person GHG 
emissions in Africa will also continue to be lower than 
current levels in high-income countries in Europe and 
North America. Finally, a comparison of the emissions 
estimated in this Assessment with those of other 
inventories show some differences due mainly to 
uncertainties in the activity data and emission factors 
used, which highlights the need for further research 
on local emissions.

2.6 AIR POLLUTION 
AND CLIMATE 
CONSEQUENCES IN 
AFRICA FOLLOWING A 
BASELINE TRAJECTORY
MAIN MESSAGES

•	�Under the baseline scenario, Africa mean near-
surface air temperatures will be 2 °C (range 1.8–2.1 
°C) warmer by the 2060s than the present day. 
Precipitation also changes, including a drying of 
West Africa during June to August, although there is 
lower confidence in these projections.

•	�In the baseline scenario, increased pollutant 
emissions expose all populations to higher surface 
concentrations of PM2.5 and O3. The higher PM2.5 
levels are estimated to result in more than 50 
million premature deaths in the period 2015–2063. 
Increased pollution also means a reduction in crop 
yields, with 20 per cent reductions projected for 
wheat by 2063.

•	�A transition to cleaner fuels for cooking under 
the baseline scenario, coupled with a decreasing 
mortality rate, mean that deaths from household 
air pollution decrease by 40 per cent to 150 000 
deaths/year by 2063.

This section focusses on the projected climate and 
air pollution changes as simulated for the baseline 
emissions and development trajectory, as described 

in Section 2.5. It draws on global chemistry-climate 
modelling experiments completed with the GISS-
E2.1-G model (Kelley et al. 2020) to present projected 
changes in the African climate (Section 2.6.1) and 
human health (Section 2.6.2) and crop yield (Section 
2.6.3) under the baseline scenario for 2015–2063. 
Details of GISS-E2.1-G and its configuration for the 
baseline simulations are presented in Annex 2.2. One 
aspect to note is that these model runs are global and 
include emissions from all sectors. Thus, emission 
futures are needed for the rest of the world as well 
as natural sources not included in this Assessment, 
such as wildfires, desert dust and sea salt. The GISS 
model generates emission estimates for natural 
emission sources and those were used here. The 
Assessment’s anthropogenic emission estimates for 
Africa (Section 2.5) were aligned with the emission 
levels prescribed as in CMIP6 simulations for the 
SSP3-7.0 scenario (Eyring et al. 2016; Fujimori et al. 
2017). As such, this emission scenario was used for 
the rest of the world, as well as sources not estimated 
in this Assessment or GISS, such as wildfires. 
There are caveats from presenting results from a 
single chemistry-climate model, chiefly that the 
results do not have an estimate of the structural 
uncertainty, i.e., the fact that given the same inputs, 
different models give different results (IPCC 2021). 
Nevertheless, where there is evidence that the results 
presented here are robust, meaning that other models 
show similar magnitudes and directions of change, 
this is highlighted below. The reader is directed to the 
wider literature for more detailed examinations and 
discussions of differences between models (Young et 
al. 2013; 2018).      
Finally, this section also presents calculations of the 
human health impacts from changes in household 
air pollution (Section 2.6.4), applying household air 
pollution health impact assessment methodologies 
(Pillarisetti et al. 2016; Kuylenstierna et al. 2020).

2.6.1 NEAR SURFACE TEMPERATURE AND 
RAINFALL CHANGES
The baseline scenario shows 2.0 °C (ensemble 95 per 
cent confidence interval, 1.9–2.1 °C) of near surface 
warming by the 2060s (2059–2063) relative to 2015–
2019 for the Africa mean (Figure 2.24). This projection 
is virtually identical to GISS-E2.1-G simulations of the 
SSP3-7.0 scenario performed for CMIP6, a medium-
to-high-end forcing scenario (O’Neill et al. 2016). This 
is not surprising as the SSP3-7.0 scenario was used 
for the GHG and air pollutant emissions outside Africa 
(Annex 2.2). As Africa’s GHG emissions are a small 
proportion of the global total, the warming signal over 
the continent will be dominated by the rest of the 
world’s emissions, irrespective of changes in African 
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emissions. Under SSP3-7.0 and in this Assessment’s 
baseline scenario, the global mean near surface 
temperature change compared to the pre-industrial 
period (1850–1900) will very likely exceed 2 °C by mid-
century (IPCC 2021), which is above the 1.5°C global 
warming level outlined in the 2015 Paris Agreement. 
There is a large body of work that describes the 
different global impacts at different global warming 
levels, with the risks of extreme heat and impacts to 
humans and ecosystems growing with each degree 
of warming (IPCC, 2018; 2021).
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Figure 2.24 Africa, mean annual average near-surface air 
temperature anomalies for this Assessment’s baseline scenario 
(black) and SSP3-7.0 (red) as simulated by the GISS-E2.1-G 
model, 2015-2063, degrees centigrade

Note: solid lines show the ensemble mean whereas shaded areas 
show the range across the ensemble (n=5). Anomalies are calculat-
ed relative to the 2015–2024 mean.

There is a spatial and seasonal structure to the 
warming under the baseline scenario, with year-
round stronger warming across much of the northern 
and southern (i.e. subtropical) parts of the continent 
and a comparatively weaker warming in the centre of 
the continent by the 2050s (Figure 2.25). The stronger 
warming in the subtropics is most evident in the June–
August average, which also has the strongest warming 
overall. For the June–August average, the 2050s near 
surface warming exceeds 2  °C in the subtropics in 
Africa compared to the present day, with a 1–1.5 °C 
warming over much of the remainder of the continent 
(Figure 2.25c). The 2050s warming is around 0.25–
0.5  °C less for the December–February average in 
northern and southern Africa and is similarly weaker 
over the Congo Basin. The increased warming over 
the subtropical parts of the continent and the stronger 
northern warming in June–August are robust features 
across climate model simulations (IPCC 2021), giving 
confidence to the results presented here.

0.5 1.0 1.5 2.0

(A) ANNUAL MEAN (B) DJF

near-surface temperature change (°C)
(2050-59 mean)

(C) JJA

Figure 2.25 Africa, near-surface air temperature changes in 
the baseline scenario as simulated by the GISS-E2.1-G model, 
for the (a) the annual mean, (b) the December–February 
mean, and (c) the June–August mean, 2050–2059 minus 
2015–2024 mean, degrees centigrade 

There are changes in precipitation with the baseline 
scenario, with both simulated drying and wettening 
depending on the location and season (Figure 2.26). 
There are often, however, substantial differences 
between climate models in terms of projected 
precipitation changes (Hawkins and Sutton 2011; 
IPCC 2021) and agreement between climate models 
is particularly low in tropical regions (IPCC 2021). The 
drying over subtropical Southern Africa is a feature 
of global warming that has medium confidence in the 
latest IPCC report (IPCC 2021). The boreal summer, 
June–August, drying in westernmost West Africa 
seen here is a fairly robust feature of climate models 
across warming scenarios. So too is the boreal winter, 
December–February, pattern of wetting over southern 
tropical Africa, centred over Angola, and drying over 
most of the land southward of that (Almazroui et al. 
2020; IPCC 2021). Therefore, these aspects of the 
response have relatively higher confidence than 
changes in other areas/seasons. 
Finally, unlike the temperature changes, there are 
some differences with the simulated baseline changes 
in precipitation compared to the otherwise similar 
SSP3-7.0 simulations in the GISS-E2.1-G model (not 
shown). In particular, the SSP3-7.0 simulations show 
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enhanced precipitation across northern tropical 
Africa whereas there is a weak decrease/no change 
in this Assessment’s baseline simulations. This 
difference is driven by the different SLCP emissions 
from Africa in the baseline simulation compared to 
the SSP3-7.0 global scenario, which impact aerosol 
concentrations, which in turn impact rainfall. While 
these changes are explainable in terms of plausible 
physical processes, there is low confidence in these 
results due to uncertainties in the representation of 
aerosol and cloud microphysics in the model and the 
aforementioned uncertainties in the overall climate 
change/precipitation signal.     

(A) DJF MEAN (B) JJA MEAN

−1.0 −0.5 0.0 0.5 1.0
precipitation change (mm day -1)

(2050-9 mean minus 2015-24 mean)

Figure 2.26 Africa, precipitation change in the baseline 
scenario as simulated by the GISS-E2.1-G model for the 
(a) December–February mean and (b) June–August mean, 
2050–2059 minus 2015–2024 mean, millimetres per day

2.6.2 IMPACTS OF OUTDOOR AIR 
POLLUTION ON HUMAN HEALTH 
The very large increases in emissions of aerosols, 
aerosol precursors and O3 precursors, including SO2, 
NH3, NOx, CO and OC projected to occur under the 
baseline scenario (Section 2.5) results in increases of 
outdoor O3 and PM2.5 concentrations. Both of these 
air pollutants have well-known and documented 
negative impacts on human health (Nuvolone,et al., 
2018; Romanello et al. 2021). 
Between the start (2015–2024 mean) and end (2050–
2059 mean) of the simulations, both annual average 
surface PM2.5 and daily maximum 8-hour average 
O3 increase mostly strongly over the Niger Delta 
and Ethiopia, Uganda and parts of Kenya, which are 
places where levels of these pollutants are already 
high (Figure 2.27). The increases in O3 in these regions 

7. The limit for O3 is stipulated for a 6-month mean, so the annual mean present here is conservative.

are apparent over a large area, highlighting the strong 
regional nature of O3 pollution. Higher levels of O3 are 
also simulated for the populated regions of coastal 
North, East and West Africa, and the industrialized 
regions of Angola and South Africa. There are similar 
hot spots for PM2.5, a large contribution to which 
comes from dust over the Sahara. Also apparent 
from these simulations is that a very large proportion 
of the continent exceeds, or is projected to exceed, 
the latest WHO guideline (WHO 2021) of an annual 
average of 5 µg/m3 for PM2.5 and a 6-month mean7 

of 60 µg/m3, about 30 ppbv, for O3, respectively light 
yellow and light orange areas in Figure 2.27.
The impact on human health can be deduced 
from changes in the population-weighted pollutant 
concentrations in the baseline scenario, which is 
related to people’s exposure to pollution. Figure 2.28 
shows the population-weighted increases in PM2.5 
and daily maximum 8-hour average O3 exposure for 
the five different African regions. The population-
weighted impact is calculated using the same method 
as Shindell et al. (2022), using population data for 2015 
from the Gridded Population of the World (GPWv3, 
updated from the Center for International Earth Science 
Information Network (CIESIN) 2005; Annex 2.2) and 
the projected changes in population appropriate to the 
SSP3 scenario (Samir and Lutz 2017). 

2015-2024 MEAN 2050-2059 MEAN

0 20 40 60 80
Annual mean 8-hour max surface ozone (ppbv)

0 20 40 60 80
Annual mean surface PM2.5 (μg m-3)

DIFFERENCE

−40 −20 0 20 40
Ozone change (ppbv)

2015-2024 MEAN 2050-2059 MEAN DIFFERENCE

PM2.5 change (μg m-3)
−30−20−10 0 10 20 30

Figure 2.27 Africa, annual mean levels and changes in the 
baseline scenario as simulated by the GISS-E2.1-G model for 
(top) surface fine particulate matter, micrograms per cubic 
metre and (bottom) daily maximum 8-hour average ozone 
precipitation, parts per billion by volume, decadal mean 
values for (left) 2015–2024, (centre) 2050–2059, and 
(right) the difference  
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For population-weighted PM2.5 levels, the relative 
order of the different regions is preserved over the 
2015–2063 period of the simulations, with Southern 
Africa having the lowest population-weighted PM2.5 
levels and West Africa having the highest, albeit 
more closely matched by North Africa by the end 
of the period. Saharan dust contributes strongly to 
West Africa’s high PM2.5 levels. The relative changes 
differ in each region over the period, however, with 
population-weighted PM2.5 levels increasing by 
around 30 per cent in West Africa, about 50 per cent 
in Southern Africa, nearly doubling in Central Africa, 
and more than doubling in North Africa. As similarly 
noted previously, the population-weighted PM2.5 
levels for all regions exceed the latest WHO (2021) 
guideline of 5 µg/m3 throughout the simulations, 
although the latest research points to there being no 
safe threshold (WHO 2021). 
Population-weighted 8-hour daily maximum O3 levels 
also increase over the course of the simulation for 
the baseline scenario. Again, all regions begin and 
end with population-weighted O3 levels above the 
WHO (2021) guideline of about 30 ppbv. Population-
weighted O3 levels more than double for West and 
East Africa and increase by about 65 per cent over 
Central Africa, by around 30 per cent over Southern 
Africa, and by 10 per cent over North Africa.   
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Figure 2.28 Africa, regional annual mean, population-weighted 
exposure in the baseline scenario as simulated by the GISS-

8. O3 deaths cannot be directly added to this, since they are not separable

E2.1-G model for (top) fine particulate matter, micrograms 
per cubic metre and (bottom) daily maximum 8-hour average 
ozone precipitation, parts per billion by volume, 2015–2063. 
Individual lines for each region represent the five ensemble 
members

The impacts of PM2.5 and O3 exposure on premature 
death can be evaluated by combining the GISS-
E2.1-G output with exposure-response functions 
produced by the Global Exposure Mortality Model for 
PM2.5, which draws from cohort studies from around 
the world including locations with high-exposures 
comparable to those in Africa (Burnett et al. 2018), 
and exposure-response functions for O3 (Turner et al. 
2016). The method to calculate mortality estimates 
from exposure follows that outlined of Shindell et al. 
(2021; 2022). It considers different risks for 5-year 
age increments for adults above 25 and projections 
of both the future population and baseline mortality 
rates but does not consider changes in the age 
profile. The uncertainty in the exposure-response 
relationship is estimated as ±16 per cent (Burnett et 
al. 2018), which is not included here.  
Mortality estimates from PM2.5 and O3 exposure 
increase for all regions throughout the simulation 
period in the baseline scenario (Figure 2.29). Between 
2015 and 2063, mortality rates attributable to both 
PM2.5 and O3 exposure more than double for West, East, 
Central and Southern Africa; for North Africa, there is 
a 25 per cent and 50 per cent increase in mortality 
rates for PM2.5 and O3, respectively. Particularly strong 
increases in the estimated mortality rates are seen for 
O3, increasing by around 8 times for West Africa and 
more than doubling in East Africa. Integrating over 
2015–2063 suggests that PM2.5 alone would result in 
50 million premature deaths over the whole continent 
over this 48-year period8.   
Given the challenges in projecting populations and 
baseline health, evaluating exposure-response 
functions, and the fact that these results are based 
on the output of realizations from a single model, 
the exposure and impact assessments come with 
substantial uncertainties. It is noted, however, that, at 
least for PM2.5, the GISS-E2.1-G model matches the 
ground-based observations well (Shindell et al. 2022; 
Annex 2.2). Moreover, simulated changes in PM2.5 
exposure in GISS-E2.1-G are well within the range 
and on the low end of values produced by the CMIP6 
models (Shindell et al. 2022). The comparison of results 
from this Assessment’s model with those from a broad 
suite of models suggests that the impact estimates 
presented here are probably conservative, at least in 
terms of model-projected changes.
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Figure 2.29 Africa, regional annual total premature deaths 
in the baseline scenario, as simulated by the GISS-E2.1-G 
model due to (top) fine particulate matter and (bottom) ozone 
exposure, 2015–2063, thousands. 
Note: mortality calculations include the projected changes 
in population and vulnerability under the scenario. Individu-
al lines for each region represent the five ensemble members.  
Note the different scales on the vertical axes

2.6.3 IMPACTS OF HOUSEHOLD AIR 
POLLUTION ON HUMAN HEALTH 
Impacts on human health were also estimated for 
changes in household air pollution under the baseline 
scenario, using the method explained in detail in 
Annex 2.4.  Briefly, exposure to household air pollution 
– annual average PM2.5 concentration associated 
with cooking using different fuels and technologies 
– was estimated separately for household cooking 
using traditional wood stoves, efficient wood stoves, 
traditional charcoal stoves, efficient charcoal stoves, 
other biomass, LPG/natural gas and electricity. 
Exposure was estimated separately for the primary 
household cook, other adults and children, using 
global average exposure values for different 
population groups as there are very few studies for 
Africa (Shupler et al. 2018). The population assigned 
to each household PM2.5 exposure value was based 
on the total national historical and future populations 
from the UN WPP (UN 2019) used throughout this 
Assessment. In the baseline scenario, there is a 
gradual shift to cleaner fuels for cooking between 
2018 and 2063 (Section 2.4.2.2).

The impact on human health was quantified as 
the number of premature deaths attributable to 
household air pollution exposure for six diseases: 
ischaemic heart disease, stroke, lung cancer, chronic 
obstructive pulmonary disease, Type-2 diabetes, 
and LRTIs in children. The baseline mortality rates 
for these diseases, disaggregated by sex and age, 
were extracted from the GBD (2019) and used for 
years before 2020. To estimate future mortality rates, 
the change in overall death rate projected by the 
UN WPP (2019) between 2019 and future years was 
applied to the GBD disease-specific mortality rates 
for 2019 to estimate future disease-specific mortality 
rates. At the same time, the UN WPP (2019) death 
rates for all countries and population groups in Africa 
are projected to decrease, i.e., life expectancy is 
expected to increase. As a result, the mortality rates 
for the diseases associated with air pollution are also 
expected to decrease over time (Annex 2.4). 
In 2018, approximately 250 000 premature deaths are 
estimated to be attributable to cooking using solid fuels 
across Africa (Figure 2.30), the largest proportions of 
which are in East and West Africa. Over a third of the 
total number of premature deaths from household air 
pollution are children under five, with the remainder 
adult premature deaths (Figure 2.31). 
Despite an increasing population across Africa, the 
gradual transition of households to cleaner fuels 
(Figure 2.8) and reduction in baseline mortality 
rates (Annex 2.4), especially for children, results 
in a reduction in the number of premature deaths 
attributable to household air pollution into the future 
(Figure 2.31) in the baseline scenario. By 2063, 
the number of premature deaths attributable to 
household air pollution is estimated to reduce by 
40 per cent compared to 2018 levels, to around 150 
000 per year (Figure 2.30). The dramatic reduction 
in infant mortality rates is estimated to reduce child 
mortality from household air pollution by 79 per cent 
in 2063 compared to 2018 levels (Figure 2.31). These 
reductions are consistent with historical trends. 
Between 1999 and 2019, for example, the number 
of premature deaths attributable to household air 
pollution across Africa decreased by 22 per cent 
(GBD 2019). The largest number of premature deaths 
attributable to household air pollution occur now and 
into the future in West and East Africa (Figure 2.30), 
with the smallest number in North Africa, where the 
majority of households cook using gas. 
The Africa-wide historical disease burden estimated 
for household air pollution here is substantially lower 
than the GBD’s (2019) estimate of 696 000 premature 
deaths. One likely reason for this difference is 
the lower PM2.5 exposure estimates used in the 
Assessment (from Schupler et al. 2018), which are 
based on cooking fuel/technology, compared to the 
GBD (2019) exposure estimates, which are based 
on socioeconomic status and have assigned higher 
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exposure in lower socioeconomic-status households. 
A second reason for the Assessment’s lower estimate 
is the exclusion of maternal and neonatal disorders 
attributable to household air pollution, for example, 
as a result of preterm or low birth weight resulting 
from maternal exposure to PM2.5. These are included 
in the GBD (2019) estimates, which attribute 146 000 
premature deaths to maternal and neonatal disorders 
due to household air pollution.
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Figure 2.30 Africa, premature deaths attributable to 
household air pollution exposure disaggregated by region, 
2018 and as in the baseline scenario for 2030 and 2063
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Figure 2.31 Africa, premature deaths attributable to household 
air pollution exposure, 2018 and as in the baseline scenario for 
2030 and 2063, children under five and adults

2.6.4 CROP-YIELD IMPACTS FROM 
CHANGES IN CLIMATE AND OUTDOOR 
AIR POLLUTION 
Crop yields are impacted by climatic conditions 
and atmospheric composition. In this Assessment, 
impacts are evaluated for four staple crops for which 
data on their response to O3 and CO2 exposure 
and climate change are available. Output from the 
GISS-E2.1-G simulations was used to calculate yield 
changes across Africa under the baseline scenario 
for maize, rice, soy and wheat (Figure 2.32). These 
calculations include the influence of temperature and 

precipitation change, and changes in exposure to 
CO2 and O3 (Shindell et al. 2019; UNEP and CCAC 
2021); additional details are provided in Annex 2.2. 
These four crops provide the majority of the world’s 
food energy intake, though many other crops are 
important in Africa and elsewhere (FAO 2022). 
Yields for all four crops are all negatively affected 
in the baseline scenario, with around 2-6 per cent 
decreases by 2030, about 7 per cent losses by 2060 
for maize and soy, and around 15 per cent and 20 per 
cent losses by 2060 for wheat and rice, respectively 
(Figure 2.32). Spatially, the pattern of crop cultivation 
plays the largest role in the geographic patterns of 
yield changes, followed by precipitation, with changes 
in temperature, O3 and CO2 being relatively evenly 
distributed across the continent. Under the baseline 
scenario, O3, CO2 concentrations and temperatures 
are all projected to increase substantially everywhere 
across Africa, whereas precipitation changes differ 
regionally (Sections 2.6.1 and 2.6.2). The increases 
in O3 and temperature reduce yields, with the largest 
impacts in the near term, and temperature over the 
longer term, except for maize, for which the impact of 
O3 increases is always the more significant. Changes 
in CO2 are beneficial for yields in the modelling, 
through the CO2 fertilization effect, and the changes 
in precipitation can sometimes lead to improved 
yields, but these are overall outweighed by the 
damage from the other factors. It then follows that 
despite precipitation changes being more variable 
between models (IPCC 2021), it is not a large driver 
of structural uncertainty in the assessment of the 
impacts on crops.  
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Figure 2.32 Africa, simulated maize, rice, soy and wheat 
yield-loss changes due to changes in O3, CO2, temperature, 
and precipitation in the baseline scenario using data from the 
GISS-E2.1-G simulations, 2032 and 2063, per cent 

Uncertainty bars reflect the variability in climate and 
O3 across the five ensemble simulations completed 
for the baseline scenario and indicate when the 
modelled changes are statistically significant. There 
are additional uncertainties in the CO2 atmospheric 
concentration response to CO2 emissions and in 
the crop impact-response functions, which are not 
included here.
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2.6.5 SUMMARY
This Assessment’s baseline scenario highlights the 
potential pathway for Africa if the current trajectories 
and policies in the energy, agricultural and waste 
sectors continue with no further policy development. 
This pathway leads to large increases in emissions 
of SLCPs and other air pollutants, which will have 
significant negative impacts on air quality. The 
impacts of the growth in emissions are seen strongly 
in the increased concentrations of PM2.5 and O3, 
which leads to serious negative impacts on human 
health and agriculture. The higher PM2.5 levels are 
estimated to result in more than 50  million deaths 
between 2015 and 2063. Increased pollution also 
leads to a reduction in crop yields, with a 20 per cent 
reduction projected for wheat by 2063.
In the scenario, there is a 40 per cent decrease in 
premature mortality caused by household emissions 
of PM2.5 from cooking. As described in Section 2.4.2, 
this is due in part to a transition to the use of cleaner 
and more efficient fuels as the result of increasing 
incomes. Even with this decrease, however, there are 
still an estimated 150 000 premature deaths per year 
from household pollution.
There are large increases in GHG and SLCP emissions 
in the baseline scenario, which are similar to those 
in the SSP3.0-7 scenario. Despite these increases, 
Africa’s GHG emissions remain a small proportion of 
the global total. Under the baseline scenario, Africa 
mean near-surface air temperatures are 2 °C (range 
1.8–2.1 °C) warmer than the present day by the 2060s. 
Precipitation also changes, including a drying in West 
Africa during June– August, although there is lower 
confidence in these projections. Local emissions 
can impact precipitation, and there are differences 
between the changes in future precipitation this 
baseline scenario and the SSP3-7.0 global scenario, 
though there are large uncertainties.  

ANNEXES
ANNEX 2.1 STATE OF AIR QUALITY 
MONITORING INFRASTRUCTURE IN 
AFRICA (FROM SECTION 2.2)
Given the scale of air pollution emissions apportioned 
to the African continent through the use of model 
simulations, it is crucial to examine the status of in-situ 
measurement of them. This section gives an overview 
of the current state of air quality monitoring networks, 
dedicated field campaigns and future implementation 
plans across the five African Regional Integrations 
Communities.

WEST AFRICA: THE ECONOMIC COMMUNITY FOR 
WEST AFRICAN STATES (ECOWAS)
While continuous air-quality monitoring stations/
networks are scarce in West African countries 
(Petkova et al. 2013; Amegah 2018; Fayiga et al. 2018; 
Agbo et al. 2020), a number of dedicated large-scale 
initiatives aimed at characterizing and understanding 
air quality in the region have been implemented. 
Such initiatives include the Aerosol Robotic Network 
(AERONET), the African Monsoon Multidisciplinary 
Analysis (AMMA) (Redelsperger et al. 2006), the 
POLlution de Capitales Africaines (POLCA) (Liousse 
and Galy-Lacaux 2010), the International Network 
to study Deposition and Atmospheric chemistry 
in AFrica (INDAAF) and, more recently, DACCIWA 
(Knippertz et al. 2015b).

The INDAAF is a long-term program for monitoring 
atmospheric composition and atmospheric fluxes. 
The INDAAF measurement network spans rural areas 
across 13 stations on the African continent; eight 
in West and Central Africa, Benin, Cameroon, Côte 
d’Ivoire, Congo, Mali, Niger, and Senegal; and five 
partner sites, of which four are in South Africa and 
one in Tunisia. The objective of the programme is 
to document and understand the different steps of 
the lifetime of gaseous and particulate species from 
their emission, transport and chemical evolution to 
their deposition on continental surfaces. To achieve 
these objectives, the INDAAF long-term monitoring 
network performs measurements of: (1) the 
chemical composition of the atmosphere in Africa, 
to document the temporal and spatial evolution of 
trace gas and aerosol concentrations; and (2) wet 
and dry atmospheric deposition fluxes using quality-
controlled measurements at the regional-ecosystem 
scale. Passive samplers based on molecular diffusion 
of gas molecules and developed after the work of 
Fermi are being used to monitor HNO3, NH3, NO2, 
O3 and SO2 at each of the sites (Adon et al. 2016; 
Conradie et al. 2016). Aerosol measurements are 
carried out in two phases; monitoring and chemical 
speciation of PM10 and PM2.5, and aerosol optical 
depth measurement. PM fractions are measured with 
a low-volume sampler operating at 5 litres per minute 
along two sampling inlets. One inlet collects samples 
on Teflon filters and the other on quartz filters for 
mineral and carbonaceous analysis respectively. 
Aerosol optical depth is measured with an AERONET 
CIMEL sun photometer. Data collection at most of the 
sites started in 1995 and are still ongoing.

The DACCIWA project conducted an extensive 
field-monitoring campaign in three southern West 
African countries, Benin, Ghana and Nigeria, in 
June/July 2016. The overall goal of DACCIWA is to 
significantly improve monitoring capacities and 
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the scientific understanding of key interactions 
between surface-based emissions, atmospheric 
dynamics and chemistry, clouds, aerosols and the 
climate of West Africa, and to integrate the findings 
into the next generation of weather and climate 
models (Knippertz et al. 2015 a, b). Three research 
aircraft were flown along demarcated flight paths for 
horizontal and vertical profiling of the atmosphere. 
Also, a wide range of surface-based instrumentation 
was deployed at the three designated supersites at 
Ile-Ife, Save and Kumasi. DACCIWA produced the 
most comprehensive observational dataset of the 
atmosphere over the region to date (see Flamant 
et al. 2018 for detailed description of the activities 
during the campaign) and used this dataset to foster 
scientific understanding of atmospheric processes, 
and evaluate dynamic models and satellite data. Some 
findings from the field campaign have been reported 
(Adon et al. 2010; Val et al. 2013; Adon et al. 2016; 
Bahino et al. 2018; Brito et al. 2018; Deroubaix et al. 
2019). The comprehensive dataset is freely available 
on request at the Base Afrique de l’Ouest Beyond 
AMMA Base (http://baobab.sedoo.fr/DACCIWA/).
Presently, there is an ongoing World Bank project 
on air quality monitoring in Lagos, Nigeria. The 
project deployed arrays of air quality monitors 
(Federal Reference Method (FRM) and Near FRM 
Monitors) at six locations in Lagos Metropolis. The 
measurement is intended to last for a period of 
one year and combines chemical characterization, 
source apportionment modelling, emission inventory 
development and dispersion modelling.

EAST AFRICA: EAST AFRICAN COMMUNITY (EAC)
As in other African regions, there is a paucity of air-
quality monitoring networks and data in East Africa. 
In effect, this has been a major hinderance to efforts 
to build an understanding air quality in the region. An 
ongoing effort to ensure that air quality is monitored 
in East Africa is being carried out by A Systems 
Approach to Air Pollution – East Africa (ASAP-East 
Africa, 2020) Project. This seeks to provide support 
for existing monitoring facilities and capacity building 
at selected locations in three East African countries 
– Ethiopia, Kenya and Uganda. Air-quality monitoring 
is one of three key elements, the other two being air-
quality modelling and management, and is focussed 
on indoor and outdoor monitoring. 
Likewise, there has been a franchise of Clean Air 
Engineering projects – Clean Air Engineering for Cities 
(CArE-Cities) and Clean Air Engineering for Homes 
(CArE-Homes). These included 12 cities in overseas 
development assistance (ODA) countries including 
Addis Ababa, Ethiopia: Akure, Nigeria; Blantyre, 
Malawi; Dar-es-Salaam, Tanzania; Kampala, Uganda; 

and Nairobi, Kenya. CArE-Cities measured in-car 
exposure across these cities (Kumar et al. 2021a; 
2021b) while the CArE-Homes focussed on in-kitchen 
exposure in low-income homes (Kumar et al. 2022b).
Addis Ababa, Ethiopia: there is one long-term 
monitoring station in Addis Ababa that was 
established by the US Embassy in 2017 (airnow.gov). 
The ASAP-East Africa has also carried out similar 
spot measurements in Addis Ababa to supplement 
existing data.
Kampala, Uganda: Unlike Addis Ababa and Nairobi, 
the city of Kampala has an extensive air-quality 
monitoring network. The Greater Kampala Area, for 
instance, is reported to have more than 15 active 
monitoring sites. Nevertheless, the city does not have 
a long-term air-quality dataset.
Nairobi, Kenya: although the city of Nairobi has one 
long-term monitoring station at Alliance Girls High 
School (https://aqicn.org/city/nairobi/), the ASAP-
East Africa has supplemented the available data 
with spot measurement campaigns. The outdoor 
monitoring was carried out in three locations with 
characteristic urban-background, urban-roadside 
and rural-background air quality. Visibility data from 
the city’s two airports have also been analyzed to fill 
historical data and used to infer the air-quality status 
of the city.

CENTRAL AFRICA: ECONOMIC COMMUNITY OF 
CENTRAL AFRICAN STATES (ECCAS)
Air-quality monitoring, either nationally coordinated 
or independent investigations, is almost non-existent 
in ECCAS. Studies conducted in the Republic of 
Cameroon are limited to those of Pelassy (1978), 
Doumbia et al. (2012) and Antonel and Chowdhury 
(2014). A recent update of the adverse effects of air 
pollution by Sousa et al. (2022) reiterated the lack 
of an air-quality monitoring network in Angola but 
pointed at the initiatives of Campos et al. (2021) in 
Luanda. Only recently has the first air-quality data 
been reported for two locations, Libreville and Port 
Gentil, in Gabon (Ngo et al. 2019). This trend is the 
same across other countries in the region.

SOUTH AFRICA: SOUTHERN AFRICAN 
DEVELOPMENT COMMUNITY (SADC)
Southern Africa, as is the case across the African 
continent, is faced with the challenge of air pollution 
and a lack of an operational monitoring network. 
Unlike the other regions, however, coordinated efforts 
to monitor and understand the region’s air-pollution 
is much advanced in the SADC. One of the earliest 
and ongoing efforts in the region is the Air Pollution 
Information Network for Africa (APINA) (Simukanga 

https://journals.ametsoc.org/bams/article/99/1/83/216157/The-Dynamics-Aerosol-Chemistry-Cloud-Interactions
https://journals.ametsoc.org/bams/article/99/1/83/216157/The-Dynamics-Aerosol-Chemistry-Cloud-Interactions
http://baobab.sedoo.fr/DACCIWA/
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et al. 2003). Seven countries in the region are said 
to have documented their air-quality status in a 
report commissioned by APINA in 2002 (Simukanga 
et al. 2003), but the extent of air-quality monitoring 
reported is not clear. Available information indicated 
that most of the SADC countries, except South 
Africa, have a limited number of air quality monitoring 
stations (Mapoma and Xie, 2013; Akinola et al. 2017). 
According to the South African government website 
(https://saaqis.environment.gov.za/home/index), 
there are more than 100 government-managed 
outdoor air quality monitoring stations across 278 
municipalities in South Africa that that have been 
reporting to the South African Air Quality Information 
System (SAAQIS) since 2009, when the system was 
launched. The SAAQIS is an online platform providing 
all air-quality information including policies, legislation 
and guidelines all across the country. Pollutants 
measured by these stations are PM2.5 and P.M10, NO2, 
CO, O3 and SO2 as well as meteorological parameters 
such as temperature, rainfall and humidity. The aim 
of SAAQIS is both to provide enough information on 
air quality for the public, stakeholders and decision 
makers and to ensure that air-quality management 
decisions are taken based on accurate and complete 
information. Data can be requested based on the 
user’s preference although the years of coverage 
vary from station to station.

NORTH AFRICA DEPLOYMENT OF LOW-COST 
AIR-QUALITY MONITORING SENSORS IN AFRICA
The recent deployment of low-cost air-quality 
monitoring sensors has gathered tremendous 
momentum globally. With new technologies being 
introduced, low-cost sensors range from commonly-
known passive sensors to more sophisticated micro-
electrochemical and mechanical ones. The capability 
of the sensors to monitor a wide range of gaseous 
and particulate pollutants makes them even more 
attractive in addition to being affordable, easy to 
use and light weight. Although concerns exist about 
the performance and accuracy of low-cost sensor 
measurement, their repeatability and reproducibility, 
stability against weather parameters, data quality, 
etc., a number of independent and coordinated 
studies have been carried out in Africa, while some 
are still ongoing. A brief overview is presented in the 
following section
A review by Amegah (2018) indicated the limited 
deployment of low-cost sensors in Sub-Saharan 
Africa. Only five independent studies across three 
countries were identified to have used low-cost CO 
sensors for either outdoor or personal exposure 
monitoring: Kume et al. (2010) in Ethiopia, Balogun 
et al. (2014) and Alexander et al. (2018) in Nigeria, 
Naidoo et al. (2013) and Mentz et al. (2018) in South 

Africa. In addition to the CO monitor, Alexander et al. 
(2018) also deployed a PM2.5 low-cost sensor.
In 2017, de Souza et al. reported on a collaborative 
experiment between six partners led by UNEP was 
conducted in Nairobi, Kenya, starting in May 2016, 
using low-cost sensors at six locations. The sensor 
units consisted of an optical-particle counter for 
measuring PM1, PM2.5 and PM10, and electrochemical 
(amperometric) gas sensors which measured NO2, NO 
and SO2. The study suggested that, while low-cost 
sensors have high potential in bridging the air-quality 
data gap, they were not yet suitable as substitutes 
for high-end monitoring systems due to unresolved 
quality-assurance and quality-control issues.

Through a collaborative field experiment between 
Obafemi Awolowo University, Nigeria and University 
of Cambridge, UK, two pilot studies were conducted 
to monitor size-segregated PM, gas-phase pollutants 
and meteorological parameters in Ile-Ife, Osun State 
in June–July 2018, and Lagos Metropolis in November 
2018–March 2019), and state measurements were 
carried out at six locations in each state within the 
Sensor Network for Air Quality (SNAQ) project. Each 
SNAQ unit utilizes an optical particle counter. Results of 
the study in Ile-Ife have been published (Omokungbe et 
al. 2020). The main objective of the study was to collect 
baseline air-quality data and assess the influence of 
weather parameters on PM loading and it concludes 
by pointing at the huge potential of low-cost sensors 
in providing continuous in-situ measurements.	
According to Amegah (2018), a yet to be published study 
deployed low-cost sensors at two locations in Ghana, 
Abuesi and Cape Coast Metropolis in 2016 to monitor 
PM2.5, CO and O3. The study was said to be part of 
the Air Sensors Everywhere project of Massachusetts 
Department of Environmental Health Science, US. It 
was designed to evaluate the performance of low-
cost sensors in a tropical environment and measure 
occupational exposures.
A wide study by Awokola et al. (2020) conducted pilot 
study of PM2.5 monitoring across 13 sites in seven 
Sub-Saharan Africa countries – the Republic of Benin, 
Burkina Faso, Cameroon, The Gambia, Kenya, Nigeria 
and Uganda. The study was able to provide continuous 
data for outdoor PM2.5 concentrations over a period 
of one month. During the time of the study, the study 
experienced some challenges that affected the data 
recovery as some of the data were missing. One of the 
issues encountered was the power supply and this is 
an issue common to countries in Sub-Saharan Africa. 
Although, a power bank was purchased to alleviate the 
effect of power shortages, in the process of switching 
to the power bank, some data were lost as a result 
of the break in transmission. Moreover, the project 
implementation had problems in terms of identifying 



CHAPTER 2: AFRICA’S FUTURE UNDER A CURRENT POLICY TRAJECTORY

44

suitable locations for the placement of the devices. 
Accessibility was a factor since the sensors require 
regular maintenance checks but there was also fear 
that devices might be stolen or tampered with in the 
selected locations. Work with the local communities, 
however, helped ensure that the devices were not 
sabotaged in the long run. Key recommendations of 
the study include the need for future studies to carefully 
take note of the supply of electricity. Furthermore, the 
location to be used for the placement of the device 
should be selected to avoid vandalization. The study 
then concluded that it is practical and feasible for 
several Sub-Saharan African countries to make use of 
low-cost air-quality sensors to produce an air-quality 
monitoring network. 
There have also been on-road monitoring campaigns 
using the low-cost sensors in the car environments. 
For example, Kumar et al. (2021a) successfully 
assessed the feasibility of low-cost sensors in 
understanding the PM2.5 and PM10 exposure to car 
users across 10 global cities, including cities in 
Ethiopia, Malawi and Tanzania. They later used the 
data to extrapolate and assess the health risk and 
associated economic burdens in these cities (Kumar 
et al. 2021b). Their recent work used the low-cost 
sensors for monitoring exposure to aerosols inside 
kitchens of 60 homes across cities in Ethiopia, Kenya, 
Malawi, Nigeria and Tanzania (Kumar et al. 2022).
It is important to note the existence of a fast-
growing network of low-cost sensors across Africa. 
The network is a cohort of independently managed 
PM sensors, such as the Purple Air PA-II-SD9, by 
individuals or organizations. In West Africa, for 
instance, the network is supported through the 
collaboration of Pennsylvania State University, US, 
with the Centre for Atmospheric Research of the 
National Space Research and Development Agency 
in Nigeria as well as other partners from other 
countries in the region.

ANNEX 2.2 SIMULATIONS IN THE GISS-
E2.1-G MODEL
This Annex provides brief details on the GISS-
E2.1-G global Earth system model, its configuration 
for the baseline scenario, and some information on 
the model performance for the key climate and air 
pollution aspects explored here.

9. https://www2.purpleair.com/products/purpleair-pa-ii (accessed 12 October 2022) 

MODEL DESCRIPTION

The GISS-E2.1-G model is an Earth system model 
developed at the NASA Goddard Institute for Space 
Studies (GISS). The GISS series of models have been 
developed over many decades (Hansen et al. 1983; 
Hansen 2002; Schmidt et al. 2006; Hansen et al. 
2007) and the GISS-E2.1-G version used here is part 
of the most recent ModelE incarnation (Kelley et al. 
2020). This model consists of equations representing 
the basic physical and chemical processes that take 
place in the atmosphere, ocean and land systems. 
The Earth’s atmosphere and ocean are divided into 
regular grids with these equations solved within, e.g., 
evaporation, or across, e.g., winds, each grid along the 
simulation. The model incorporates representations 
of many processes, including radiative transfer 
through the atmosphere; the hydrological cycle; the 
chemical and physical processes affecting gases, 
including O3, GHGs and aerosols, particulates; ocean 
circulation and heat uptake; sea-ice; vegetation; and 
groundwater. Such models have been developed 
over several past decades to better represent many 
characteristics of the real world, but now require 
supercomputing systems due to their complexity and 
relatively high spatial and temporal resolution.
Complete technical details of this model are 
described by Kelley et al. (2020). In brief, GISS-E2.1-G 
represents the atmosphere on a 2° × 2.5° latitude/
longitude grid with 40 vertical levels (surface to 0.1 
hectopascal (hPa)), coupled to a 1° × 1.25° latitude/
longitude ocean model also with 40 vertical levels. 
Whereas most quantities are evaluated only at this 
standard resolution, the simulations conducted for 
this Assessment include a previously developed 
method to provide PM2.5 output at a resolution of 
0.5º × 0.5º, incorporating within grid-box emissions 
information to alter constituent gradients that are then 
preserved during transport (Shindell et al. 2018). The 
model simulates aerosols (particulate matter) using a 
mass-based scheme that includes representations of 
sulphate, black and organic carbonaceous aerosols, 
nitrate, NH4, dust, and sea‐salt, with fixed-size 
distributions other than for dust and sea-salt (Bauer 
et al. 2020). The atmospheric chemistry scheme has 
around 200 reactions simulating approximately 40 
species (Kelley et al. 2020). Most relevant to this study 
is the chemistry involving tropospheric O3, for which 
the model simulates basic NOx-(HOx)-Ox-CO-CH4 
chemistry as well as peroxyacyl nitrates, isoprene, 
alkyl nitrates, aldehydes, alkenes, paraffins and 
terpenes. The model generates its own meteorology, 
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which is fully interactive with the gaseous and aerosol 
species so that they are affected by a changing 
climate. Changes in all chemical parameters are 
evaluated using 15-minute time steps throughout the 
simulations. This version of the model also contributed 
simulations for CMIP6 (Eyring et al. 2016) in support 
of the most recent IPCC report (IPCC 2021).

CONFIGURATION FOR THE BASELINE 
SIMULATIONS
Simulations were performed from 2015 through 2063 
for the baseline scenario. Five ensemble members 
were used to better distinguish the climate and air 
pollution response to the emissions changes from 
unforced, natural internal variability in the climate 
system. Individual ensemble members began from 
starting conditions at the end of 2014 taken from five 
independent historical simulations with the GISS-
E2.1-G model, which in turn began from starting 
conditions taken from widely spaced years of a long 
preindustrial control simulation (Miller et al. 2021). 
Anthropogenic emissions for Africa for the baseline 
scenario were taken from the LEAP model (Section 
2.5). For natural emissions, the GISS-E2.1-G model 
includes internally generated climate-sensitive 
emissions from several sources, including NOx from 
lightning, biogenic VOCs, windblown dust and sea-
salt emissions. Emissions not produced by the LEAP 
model, for example, wildfires, nor generated by the 
GISS model were prescribed as in CMIP6 simulations 
for the SSP3-7.0 scenario, including those outside of 
Africa (Eyring et al. 2016; Fujimori et al. 2017). The 
concentrations of well-mixed GHGs are prescribed 
throughout the atmosphere, CO2 and N2O, or at the 
surface, CH4, which is then adjusted for chemical 
changes aloft, rather than input as emissions. Input 
concentrations for these that result from the LEAP 
African and SSP3-7.0 non-African emissions were 
evaluated using box models. 
As noted in Section 2.6.1, the global and Africa 
mean near surface temperature projections of the 
baseline simulation are virtually identical to those 
in the GISS-E2.1-G simulations of the SSP3-7.0 
scenario performed for CMIP6. In addition, while the 
simulations end in 2063, the global mean net radiation 
at that time is ~1.5 watts per square metre (W/m2). 
This means that even if atmospheric concentrations 
of all pollutants were to stay constant beyond then, 
the warming would continue until the energy balance 
was restored, resulting in another 0.8–0.9 ºC of 
warming globally, based on the model’s sensitivity 
(Kelley et al. 2020). 

MODEL EVALUATION AND BENCHMARKING
This model and others like it have been used 
extensively for both attribution of past changes and 
projections of future ones. Peer-reviewed literature 
has documented how this model realistically captures 
many observed physical quantities and trends (Seltzer 
et al. 2017; Bauer et al. 2020; Kelley et al. 2020). This 
section presents an Africa-focussed evaluation and 
benchmarking of near surface temperature, rainfall 
and PM. Due to a relative lack of observations, it is 
not possible to conduct a similarly detailed evaluation 
of the model for surface O3 levels over Africa. 
Nevertheless, evaluations for other regions do indicate 
high biases for O3 relative to surface observations 
(Seltzer et al. 2017), emphasizing that caution should 
be exercised when estimating impacts.
One exercise for climate data is to compare the 
projected temperature and rainfall from GISS-
E2.1-G against the other models driven with the 
same emissions scenario. While not an evaluation 
of the projections, it does allow the GISS-E2.1-G 
projections to be placed in the context of the climate 
model literature, including results reported in the 
most recent IPCC report (IPCC 2021). Figure 2.33 
compares the simulated near-surface temperature 
and precipitation changes between the 2050–2059 
and 2015–2024 decadal means for the GISS-
E2.1-G model and the CMIP6 multi-model mean, 
where all models have been driven by the SSP3-
7.0 scenario, which has similar climate changes 
to this assessment’s baseline scenario, as noted 
above. The spatial patterns of warming, namely the 
maxima in northern and southern Africa, are similar 
in the GISS-E2.1-G simulations and the CMIP6 mean. 
Warming in Sub-Saharan Africa is stronger in GISS-
E2.1-G, particularly for Southern and West Africa, 
where it exceeds the mean projected warming of 
around1.5 °C by 0.25–0.5 °C, i.e., by about 16–33 per 
cent. Similarly, while the overall tropical wettening in 
the GISS-E2.1-G simulations is similar to the CMIP6 
mean, the precipitation increase in central Africa is 
less marked. Additionally, there is a stronger drying 
signal in West Africa in the GISS-E2.1-G simulations. 
At the same time, the dominant source of uncertainty 
for projected tropical and West African rainfall 
changes is model, or structural, uncertainty over this 
coming century, with conflicting signals noted for 
different models despite the same scenario (Lee et 
al. 2021, Figure 4-24; Douville et al. 2021, Figure 8.23).
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Figure 2.33 Africa, change in decadal mean (top) near-
surface air temperature and (bottom) precipitation between 
2015–2024 and 2050–2059 for the SSP3-7.0 scenario 
as simulated by (left) the GISS-E2.1-G model, (middle) 
the CMIP6 models (ensemble mean; n=29). Also shown is 
(right) the difference between the decadal changes (GISS-
E2.1-G minus the CMIP6 ensemble mean) with greyed 
out areas indicating grid squares where the differences are 
not statistically significant (95 per cent confidence; Mann-
Whitney U test). 

Note: as this statistical testing was done on a grid-square basis, 
rather than accounting for field significance, this is a conservative 
indication of the differences in the climate signals between the 
GISS-E2.1-G simulations and the CMIP6 ensemble mean.

GISS-E2.1-G PM2.5 levels over Africa have recently 
been evaluated by Shindell et al. (2022) and are 
summarize here. That study compared simulated 
PM2.5 levels against ground-based monitoring 
sites and a satellite-derived product, weighting 
the observed and simulated PM2.5 by population 
to reflect human exposure, using population data 
for 2015 from the Gridded Population of the World 
(GPWv3; updated from CEISIN, 2005). Ground-
based monitoring data cover 2013–2015 and are 
from 53 locations. This includes data from 42 sites 
as assembled by the WHO (2016), 29 sites of which 
measured PM2.5 directly and 13 from which PM2.5 is 
inferred from PM10 measurements, and 13 monitors 
located at US embassies in Africa, of which two are 
located within the same grid box as data points in the 
WHO dataset – adding this data to the WHO dataset 
provides 11 new locations and changes the average 

for two existing locations. The satellite-based product 
consists of PM2.5 levels for 2014–2016 estimated from 
a chemistry-transport model where simulated PM2.5 
has been adjusted so that the modelled column 
aerosol optical depth matches satellite aerosol 
optical-depth measurements (Shaddick et al. 2018a 
and b).
For the ground monitors, the population-weighted 
average exposure is 43.8 μg/m3 (Figure 2.34). The 
simulated mean with GISS-E2.1-G (five ensemble 
members) is very similar at 45.4 μg/m3, so that the 
mean bias is 1.6 ± 0.5 μg/m3. Without population-
weighting, the mean bias is 0.2  μg/m3, which 
indicates that the good match is not a result of the 
dominance of a few locations. The satellite-based 
dataset has 10 641 data points over Africa and has 
a mean population-weighted value of 63.8 μg/m3. In 
comparison with that data, the simulated data have a 
population-weighted bias of –36.5 ± 0.8 μg/m3. At the 
same time, however, comparing the satellite-based 
dataset to the 53 ground monitor locations indicates 
that the satellite-based dataset has a population-
weighted average bias of +20.7 μg/m3. Therefore, 
the comparison against ground observations is likely 
the most useful in validating the simulated PM2.5 
levels. On the other hand, the broader coverage of 
the satellite-based data makes them more useful 
in evaluating the spatial distribution in the model, 
and the R2 correlation between the model and the 
satellite-based data is 0.7. Overall, additional ground 
monitoring would obviously be very useful to better 
evaluate the model’s PM2.5. It should be noted that 
the analysis for this Assessment uses the model’s 
simulation of small dust particles and assumes dry 
aerosol mass, whereas Shindell et al. (2022) used a 
fixed fraction, 10 per cent, of all dust mass as small to 
match other CMIP6 models and included the weight 
of absorbed water to align with reporting in some 
regions outside Africa. Africa-wide averages are only 
weakly sensitive to these choices, for example, by a 
few μg/m3, though individual station values can vary 
substantially.  
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Figure 2.34 Observed population-weighted PM2.5 from 
the model plus satellite AOD estimates (“Observations”; 
N=10641) over Africa (Shaddick et al. 2018) and ground 
monitors in Africa (N=53) compared with the values simulated 
by the GISS-E2.1-G model, after unbiasing and sampling at 
the same locations 

Source: Adapted from Shindell et al. (2022).

ESTIMATING HEALTH AND CROP IMPACTS
In order to estimate the health impacts from exposure 
to PM2.5, projections of future baseline mortality are 
taken from the International Futures model (Hughes 
et al. 2011), using the version 7.45 base scenario. This 
model projects cause- and country-specific baseline 
mortality rates through 2100. The projected changes 
in baseline mortality rates between future years and 
2015 are applied to the grid-level 2015 GBD baseline 
mortality dataset (Stanaway et al. 2018).

Crop-yield impacts are evaluated using an empirical 
crop model based on statistical relationships for 
the impacts of temperature, precipitation, CO2 

concentrations, and O3 (Shindell et al. 2019). Maize, rice 
and wheat responses to changes in meteorological 
variables are based on a meta‐analysis of more 
than 1 000 modelling studies (Challinor et al. 2014), 
incorporating relationships observed in field studies. 
Responses for soy to temperature are based on a 
separate study (Zhao et al. 2017) as they were not 
included in the meta-analysis. Separate temperature 
response coefficients for maize, rice and wheat 
are included according to temperate or tropical 
conditions. For O3, the mean 7‐ or 12‐hour daylight 
exposure during the growing season, i.e., M7 and 
M12 metrics, respectively, depending on the crop, 
are used. These affect yields based on the response 
reported in field studies (Wang and Mauzerall 2004). 
For CO2, fertilization effects are included based on 
relationships described previously (Tebaldi and 
Lobell 2018). Changes in all factors are taken from 
the baseline, SLCPs and Agenda 2063 simulations 
performed for this Assessment. Crop distributions 
are those for 2010 from the FAO and are maintained 
at those levels in all calculations of impacts, i.e., no 
projected changes in crop areas are included.

ANNEX 2.3 LOW EMISSIONS ANALYSIS 
PLATFORM (LEAP)
The LEAP system is a widely used software tool 
for integrated planning of energy policy, emissions 
abatement and climate change mitigation assessment 
(Heaps 2021). This scenario-based planning tool, 
developed by SEI, was originally configured to track 
energy consumption, transformation and resource 
extraction in all sectors of the economy (SEI 2017). It 
is able to quantify total national emissions of GHGs 
– CO2, CH4, N2O, and HFCs; SLCPs – BC, CH4 and 
HFCs; and other air pollutants – NOx, NMVCs, SO2, 
NH4, PM2.5 and PM10, made up of OC, BC and mineral 
dust, and CO – from both the energy and non-energy 
sectors. Emissions inventory is calculated from 
activity data of specific sources and emission factors 
which can be country specific if available, or from 
default datasets available from the IPCC Guidelines 
for National Greenhouse Gas Inventories, EMEP/
EEA (2016) and other sources. Emissions results 
produced in LEAP for Africa for the three scenarios, 
the baseline, SLCPs and Agenda 2063, for the period 
2000–2063 are used as one of the inputs to the global 
atmospheric circulation calculations of the GISS 
model (Figure 2.35).
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Figure 2.35 Structure of the LEAP planning framework  
Source: Heaps (2021)

GEOS-CHEM ADJOINT MODEL
GEOS-Chem is a global three dimensional (3D) 
chemical transport model of tropospheric chemistry 
driven by assimilated meteorological observations 
from the Goddard Earth Observing System (GEOS) of 
the NASA Data Assimilation Office (Bey et al. 2001). 
The model transports 24 chemical tracers to describe 
tropospheric O3-NOx-hydrocarbon chemistry while 
advection is computed every 15 minutes (2o x 2.5o 

horizontal resolution) or 30 minutes (4o x 5o horizontal 
resolution) with a flux-form semi-Lagrangian method 
(Bey et al. 2001). Standard GEOS-Chem tropospheric 
chemical mechanism comprises 87 species and 
307 reactions integrated using the SMVGEARII 
solver of Jacobson (Henze et al. 2007). The adjoint 
of GEOS-Chem is presently the only such model 
to include gas-phase chemistry, heterogeneous 
chemistry, black and organic primary aerosol, and 
sulphate-ammonium-nitrate formation chemistry and 
thermodynamics (Henze et al. 2012). GEOS-Chem 
Adjoint model output quantifies the relationship 
between emissions of a particular pollutant that 
contributes directly to PM2.5 – BC, OC or other PM; or 
is a precursor to PM2.5 – NOx, SO2 and NH3 – in any 
location; and the associated change in PM2.5 in the 
target country (Kuylenstierna et al. 2020).

GISS model - see Annex 2.2

ANNEX 2.4 HOUSEHOLD INDOOR AIR 
POLLUTION METHOD
The health impact assessment for exposure to 
household pollution used methods outlined by 
Pillarisseti et al. (2016) and Kuylenstierna et al. (2020). 
Exposure to household air pollution –annual average 
PM2.5 concentrations associated with cooking using 
different fuels and technologies – was estimated 
separately for households cooking using traditional 
wood stoves, efficient wood stoves, traditional 
charcoal stoves, efficient charcoal stoves, other 
biomass LPG/natural gas and electricity. Exposure 
was also estimated separately for the primary 
household cook, other adults and children. Shupler 
et al. (2018) reviewed studies on personal exposure 
to air pollution of different population groups living 
in households cooking using different fuels and 
developed average exposure values for females, 
males and children. The Shupler et al. (2018) personal 
PM2.5 exposure estimates were estimated for different 
regions. For Africa, only four countries and five 
studies were identified and used in the Assessment. 
Due to the small sample size, the global average 
exposure values for different population groups were 
used. These values do not differ substantially from 
the Shupler et al. (2018) average exposure values for 
west and east Sub-Saharan Africa – studies were not 
identified from Central, North and Southern Africa. 
The average female PM2.5 exposure was used as 
the primary-cook exposure, while the average male 
exposure was used as the average other-adult PM2.5 
exposure. The child PM2.5 exposure values from 
Shupler et al. (2018) were used as the exposure for 
the child population categories.
The population assigned each household PM2.5 
exposure value was based on the total national 
historic and future population from the UN WPP (2019) 
used throughout this Assessment. The population 
in each country was disaggregated by 5-year age 
group and sex, and then separated into urban and 
rural population and into households cooking using 
different fuels/technologies. The population in 
each geographic region and household was then 
disaggregated into primary cooks, assuming one 
adult per household is the primary cook, and that 95 
per cent of primary cooks are women, other adults 
and children. Each of these groups was assigned a 
different exposure estimate. In the baseline scenario, 
there is a gradual shift to cleaner fuels for cooking 
between 2018 and 2063, and this is reflected in the 
number of people assigned exposures consistent 
with households cooking using electricity and gas 
(Section 2.4.2.2).
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The impact of household air pollution on human 
health was quantified as the number of premature 
deaths attributable to household air-pollution 
exposure for six diseases: ischaemic heart disease, 
stroke, lung cancer, COPD, Type-2 diabetes, and 
LRTI in children. The baseline mortality rates for 
these diseases, disaggregated by sex and age, were 
extracted from the GBD (2019) and used for years 
before 2020. To estimate future mortality rates, the 
change in overall death rates projected by UN WPP 
(2019) between 2019 and future years was applied to 
the GBD disease-specific mortality rates for 2019 to 
estimate future disease-specific mortality rates. The 
death rates for all countries and population groups in 
Africa are projected to decrease, i.e. life expectancy 
is expected to increase (UN WPP 2019).
Given the projected increase in life expectancy (UN 
WPP 2019), the mortality rates for the diseases 
associated with air pollution are also expected to 
decrease over time. Figure 2.36 shows the overall 
change in average mortality rates for children and 
adults across Africa –country-specific death rates 
were used to project disease-specific mortality rates 
in the household air-pollution impact assessment. 
Figure 2.36 shows that, on average across Africa, 
between 2020 and 2030, mortality rates of under 
five-year-olds and adults are expected to reduce 
by around 22 per cent and 5 per cent, respectively, 
and between 2020 and 2060, they are projected 
to decrease by 54–62 per cent and 10 per cent, 
respectively. Hence, especially for child mortality, 
UN WPP (2019) envisions a substantial reduction 
in child-mortality rates, which will consequently 
reduce the number of premature deaths attributable 
to household air pollution, even without changes in 
household air-pollution exposure. 

Figure 2.36 Africa, historic and projected overall mortality 
rates, 2000–2020 and 2020–2065, deaths per thousand 
people 

These data are used to project changes in disease-specific mortal-
ity rates for the assessment of household air-pollution mitigation.

ANNEX 2.5 SOURCES OF DATA 
The data sources used for economic growth are as 
follows. 

•	�GDP PPP (constant 2017 international $) with 
projections to 2100 for each country based on 
Shared Socioeconomic Pathway: SSP2: Middle 
of the Road. (For more on the SSPS, see: https://
en.wikipedia.org/wiki/Shared_Socioeconomic_
Pathways).

•	�Historical data (World Bank WDI GDP PPP): NY.GDP.
MKTP.PP.KD (1990–2019) GDP PPP (constant 
2017 international $) https://data.worldbank.org 
indicator/NY.GDP.MKTP.PP.KD

•	�IMF World Economic Outlook (IMF WEO - April 2021) 
and UN Population data used to fill data gaps in 
WDI statistics (https://www.imf.org/en Publications/
WEO/weo-database/2021/April).

•	�Short-term projections use growth rates from IMF 
WEO (2020-2024) to capture estimated impact of 
COVID-19.

•	�Long-term projections based on growth rates in 
the five SSPs (OECD model versions) (2025-2100) 
SSP Public Database Version 2.0 (https://tntcat.
iiasa.ac.at/SspDb). All five scenarios are the same 
through 2025 for each economy.
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ANNEX 2.6 ESTIMATED EMISSIONS OF GHGS, SLCPS AND AIR POLLUTANTS IN THE 
BASELINE 
(units: thousand metric tonnes)

POLLUTANT
2018 
(‘000 

TONNES)

2020

(‘000 
TONNES)

2025 
(‘000 

TONNES)

2030 
(‘000 

TONNES)

2040 
(‘000 

TONNES)

2050 
(‘000 

TONNES)

2060 
(‘000 

TONNES)

2063 
(‘000 

TONNES)

CO2 2 459 408 2 495 391 2 699 078 3 024 205 3 528 642 4 495 031 6 003 543 6 698 463

CO 129 657 136 924 152 784 172 067 217 675 275 660 350 510 377 790

CH4 48 449 49 852 58 459 69 069 96 636 136 317 188 981 207 805

NMVOCs 42 510 45 587 50 183 55 682 68 380 84 144 104 117 111 298

NOX 9 741 11 202 13 009 15 506 22 251 32 076 46 165 51 583

N2O 902 936 1 167 1 456 2 262 3 439 5 022 5 592

PM10 11 552 12 052 13 077 14 228 16 724 19 547 22 776 23 834

SO2 5 469 5 455 6 030 7 011 9 478 13 127 18 413 20 519

NH3 8 991 8 945 10 838 13 211 19 817 29 548 42 640 47 342

PM2.5 7 747 8 162 9 037 10 026 12 194 14 689 17 599 18 567

BC 1 225 1 147 1 264 1 401 1 713 2 095 2 570 2 738

OC 3 621 3 502 3 900 4 343 5 311 6 415 7 682 8 094

HFC-134a 23.1 23.0 17.6 16.6 21.0 29.4 37.2 39.4

HFC-125 10.1 10.1 7.7 7.3 9.2 12.9 16.3 17.2

HFC-143a 5.2 5.2 4.0 3.8 4.8 6.7 8.5 9.0

HFC-32 5.7 7.0 5.4 5.1 6.4 9.0 11.4 12.0
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ABBREVIATIONS AND ACRONYMS
AC air conditioner
ACCP African Clean Cities Platform
ADHD attention deficit/hyperactivity disorder
AEC African Economic Community
AERONET Aerosol Robotic Network
AfDB African Development Bank
AfCFTA African Continental Free Trade Area
AFOLU agriculture, forestry and other land use
AFR100 African Forest Landscape Restoration Initiative
AGNES African Group of Negotiators Expert Support
AMCEN African Ministerial Conference on the Environment
AMCOMET African Ministerial Conference on Meteorology
AMCOW African Ministers’ Council on Water
AMMA African Monsoon Multidisciplinary Analysis
APINA Air Pollution Information Network for Africa
AOD aerosol optical depth
ARBE Department of Agriculture, Rural Development, Blue Economy, and Sustainable Environment 

(of the African Union)
ARSO African Regional Organization for Standardisation
ART acute respiratory-tract infection
ASAP A Systems Approach to Air Pollution 
ASD autism spectrum disorder
AU African Union
AUC African Union Commission
AUDA-NEPAD African Union Development Agency
AWD alternate wetting and drying
BC black carbon
BSC Barcelona Supercomputing Center
BSFL black soldier fly larvae
C carbon
ºC degrees Celsius
CAADP Comprehensive Africa Agricultural Development Programme
CAMRE Council of Arab Ministers Responsible for the Environment
CAMS Copernicus Atmosphere Monitoring Service 
CAN Climat Action Network
CAR Central African Republic
CArE-Cities Clean Air Engineering projects – Clean Air Engineering for Cities
CArE-Homes Clean Air Engineering projects – Clean Air Engineering for Homes
CCAC Climate and Clean Air Coalition
CCAK Clean Cooking Association of Kenya
CCS carbon capture and storage
CEDS Community Emissions Data System
CIESIN Center for International Earth Science Information Network
CH4 methane
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CI confidence interval
CMIP Coupled Model Intercomparison Project
CMIP6 Sixth Coupled Model Intercomparison Project
CO carbon monoxide
CO2 carbon dioxide
CO2-eq carbon dioxide equivalent
COMESA Common Market for Eastern and Southern Africa
COP Conference of the Parties
COPD chronic obstructive pulmonary disease
CRS Common Reporting Standard
CSIR Council for Scientific and Industrial Research
CSO civil society organization
CSP concentrated solar power
3D three dimensional
DALY disability-adjusted life years
DCHS Drakenstein Child Health Study, Western Cape, South Africa
DICCIWA Dynamics-aerosol-chemistry-cloud interactions in West Africa
DPSIR drivers, pressures, state, impacts and responses
DRC Democratic Republic of the Congo
EAC East African Community
EASFCOM Eastern Africa Standby Force Coordination Mechanism
ECCAS Economic Community of Central African States
ECMWF European Centre for Medium Range Weather Forecasting 
ECOWAS Economic Community for West African States
EDGAR Emissions Database for Global Atmospheric Research
EEA European Environment Agency
e.g. exempli gratia (for example)
EIP Eco-Industrial Park
EMEP European Monitoring and Evaluation Programme
ERGP Economic Recovery and Growth Plan
ETSAP Energy Technology Systems Analysis Program 
EV electric vehicle
FAO Food and Agricultural Organization of the United Nations
FDI Foreign Direct Investment 
FEER Fire Energetics and Emissions Research
F-gas fluorinated gas
FINN Fire INventory from NCAR
FRM Federal Reference Method
GBD global burden and disease
GCF Green Climate Fund
GCM global circulation model
GDL Global Data Labs
GDP gross domestic product
GEDAP Ghana Energy Development and Access Project
GEF Global Environmental Facility
GEO geostationary Earth orbit
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GEOS Goddard Earth Observing System
GFED Global Fire Emissions Database
GFAS Global Fire Assimilation System
GHAir Ghana Urban Air Quality Project
GHG greenhouse gas
GISS Goddard Institute for Space Studies
GMAO Global Modeling and Assimilation Office
GMP Global Methane Pledge
GPI genuine progress indicators
GPPDB Global Power Plants Database
GPW Gridded Population of the World
GRAP Green Recovery Action Plan (of the African Union)
GSAT global surface air temperature
GW gigawatt (109 watts)
GWh gigawatt hours
GWP Gridded Population of the World
HFC hydrofluorocarbon
H2O water
hPa hectopascal
IBC Integrated Benefits Calculator
IBD inflammatory bowel disease
IBS irritable bowel syndrome
ICAO International Civil Aviation Organisation
ICCT International Council on Clean Transportation
ICE internal combustion engine
ICLEI Local Governments for Sustainability
i.e. id est (that is)
IEA International Energy Agency
IGAD Intergovernmental Authority on Development 
ICLEI Local Governments for Sustainability
IGO intergovernmental organizations
ILO International Labour Organization
IMF International Monetary Fund
IMO International Maritime Organization
INDAAF International Network to study Deposition and Atmospheric 
IP Industrial Park chemistry in Africa
IPCC Intergovernmental Panel on Climate Change
IPPU industrial processes and product use 
IQ intelligence quotient
IRENA International Renewable Energy Agency
IWRM integrated watershed resource management
JICA Japan International Cooperation Agency
kg kilogram
KJWA Koronivia Joint Work on Agriculture
km kilometre
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LEAP Low Emissions Analysis Platform
LEAP-IBC Low Emission Analysis Platform – Integrated Benefits Calculator
LED light‐emitting diode
LGV Ligne à Grande Vitesse Maroc
LMIC lower middle-income country
LPG liquified petroleum gas
LRTAP Convention on Long-Range Transboundary Air Pollution
LRTI lower respiratory-tract infection
LULUCF land use, land-use change and forestry
μg microgram
m metre
m2 square metre
m3 cubic metre
mm millimetre
MAFLD metabolic dysfunction-associated fatty liver disease
MDB multilateral development bank
MEA multilateral environmental agreement
MEPS minimum energy-performance standards
MODIS moderate resolution imaging spectroradiometer
MOPITT Measurement of Pollution in the Troposphere
MSMEs micro, small and medium-sized enterprises
MVOC microbial volatile organic compound
MSW municipal solid waste
MVA Manufacturing Value Added 
MW megawatt (106 watts)
N nitrogen
NAIPS National Agricultural Investment Plans
NARC North African Regional Capability
NASA National Aeronautics and Space Administration
NCAR US National Center for Atmospheric Research
NCD non-communicable disease
NDC Nationally Determined Contributions (to the Paris Agreement)
NEPAD New Partnership for Africa’s Development
NGO non-governmental organization
NH3 ammonia
NH4 ammonium 
NIR New Industrial Revolution
NMT non-motorised transport
NMVOC non-methane volatile organic compound
NO nitric oxide
N2O nitrous oxide
NO2 nitrogen dioxide
NOX nitrogen oxides NO and NO2

NREL National Renewable Energy Laboratory
NSB national standards body
OX containing oxygen
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O3 ozone
OC organic carbon
ODA overseas development assistance
OECD Organisation for Economic Co-operation and Development
OICA International Organisation of Motor Vehicle Manufacturers (Organisation internationale des 

constructeurs automobiles)
OMI ozone (O3) monitoring instrument
PCFV Partnership for Clean Fuels and Vehicles
PIDA Programme for Infrastructure Development in Africa
PIQ performance intelligence quotient
PM particulate matter
PM1 very fine particulate matter (with a diameter of less than 1 micron)
PM2.5 fine particulate matter (with a diameter of less than 2.5 microns)
PM10 large particulate matter (with a diameter of 10 microns or less)
POLCA Pollution de Capitales Africaines
ppb parts per billion
ppbv parts per billion by volume
ppm parts per million
PPP purchasing power parity
PREFIA Air Quality Prediction and Forecasting Improvement for Africa
PV photovoltaic
QFED Quick Fire Emissions Dataset
R-COOL Rwanda Cooling Initiative
REC Regional Economic Community
ReCATH Regional Climate Action Transparency Hub for Central Africa
RFA regional framework agreements
RLP Rural LPG Promotion Programme
3Rs reuse, reduce and recycle
S sulphur
SAAQIS South African Air Quality Information System 
SADC Southern African Development Community
SDG Sustainable Development Goal 
SEI Stockholm Environment Institute
SEZ Special Economic Zone
SLCF short-lived climate forcer
SLCP short-lived climate pollutant
SNAP Supporting National Action and Planning on Short-Lived Climate Pollutants
SNAQ Sensor Network for Air Quality
SO2 sulphur dioxide
SSP shared socioeconomic pathway
TAREA Tanzania Renewable Energy Association
TROPOMI Tropospheric Monitoring Instrument
TSP total suspended particulates
TW terawatt (1012 watts)
TWh terawatt hour
U4E United for Efficiency
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UHI urban heat island
UIC International Union of Railways (Union internationale des chemins de fer)
UMA Arab Maghreb Union (Union du Maghreb Arabe)
UN United Nations
UNCTAD United Nations Conference on Trade and Development
UN DESA United Nations Department of Economic and Social Affairs
UNDP United Nations Development Programme
UNEA United Nations Environment Assembly
UNECA United Nations Economic Commission for Africa
UNECE United Nations Economic Commission for Europe
UNEP United Nations Environment Programme
UNEP ROA United Nations Environment Programme Regional Office for Africa
UNFCCC United Nations Framework Convention on Climate Change
UN-Habitat United Nations Human Settlement Programme
UNIDO United Nations Industrial Development Organization
UN WPP UN World Population Prospects
US United States of America
VAT value-added tax
VNR Voluntary National Review
VOC volatile organic compound
W watt
WAGP West African Gas Pipeline
WAPP West African Power Pool
WDI World Development Indicators
WEC World Energy Council
WEPP World Electric Power Plants Database
WEO World Economic Outlook
WHA World Health Assembly
WHO World Health Organization
WMO World Meteorological Organization
WRF Weather and Research Forecasting
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