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ABSTRACT  

Demand for charcoal in Africa is growing rapidly, driven by urbanization and lack of access to 

electricity. Charcoal production and use, including plastic burning to initiate combustion, 

release large quantities of trace gases and particles that impact air quality and climate. Here we 

develop an inventory of current (2014) and future (2030) emissions from the charcoal supply 

chain in Africa that we implement in the GEOS-Chem model to quantify the contribution of 

charcoal to surface concentrations of PM2.5 and ozone, and direct radiative forcing due to 

aerosols and ozone. We estimate that the charcoal industry in 2014 required 140-460 Tg 

biomass and 260 tonnes plastic and that industry emissions could double by 2030, so that 

charcoal industry methane emissions could outcompete those from open fires by 2025. In 2014, 

the largest enhancements in PM2.5 (0.5-1.4 g m-3) and ozone (0.4-0.7 ppbv) occur around 

densely populated cities in East and West Africa. Cooling due to aerosols (-100 to -300 mW 

m-2) is concentrated over dense cities, whereas warming due to ozone is widespread, peaking 

at 4.2 mW m-2 over the Atlantic Ocean. These effects will worsen with ongoing dependence 

on this energy source, spurred by rapid urbanization and absence of viable cleaner alternatives.  
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1. THE CHARCOAL SUPPLY CHAIN IN AFRICA 

Charcoal is a dominant energy source in Africa and its use is increasing at a rate of 7% a-1 due 

to population growth, urbanization, and low rates of adoption of alternative cleaner sources of 

energy.1 More than 80% of urban households in Africa use charcoal,2 predominantly for 

cooking. Alternatives like electricity and liquified petroleum gas (LPG) are costly, access to 

on-grid electricity is limited and notoriously unreliable,3 and charcoal is more accessible than 

wood in urban areas as distances to collect fuelwood increase.4 Charcoal has been identified as 

a large tropical and global source of the greenhouse gases methane and carbon dioxide (CO2),5,6 

and a contributor to forest degradation and loss from intensive and unsustainable tree 

harvesting.7,8 All steps in the charcoal supply chain also lead to the release of short-lived trace 

gases and aerosols9 that are hazardous to health and alter climate.   
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Figure 1. Spatial distribution of charcoal production in Africa in 2014. Data reported for each 

country is from the United Nations (UN) energy statistics database.10 Charcoal production is 

in gigagrams per year (Gg a-1). Total production in 2014 is 41.6 Tg. Countries referred to in 

the text are labelled. 

 

Africa accounts for > 60% of global charcoal production.11 We illustrate in Figure 1 that 

charcoal production, obtained from the UN energy statistics database,10 occurs across the 

continent. In 2014, 41.6 Tg of charcoal was produced in Africa,10 mostly in East Africa (42%) 

and West Africa (25%). Top producing countries are Ethiopia, Kenya, Nigeria, and the 

Democratic Republic of the Congo (DRC). Even countries with very low forest cover along 

the Sahara Desert are significant charcoal producers. According to the same database, almost 

all (99%) charcoal is used locally, amounting to 41.4 Tg. Of the 1% exported, most is from 

Somalia (53% of exports) to the Gulf States, and from Namibia (25%) to South Africa or 

Europe. The charcoal export market in Somalia was estimated at > $250 million for 2013 and 
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2014, despite a ban imposed in 2012.12 The few countries with low charcoal production in 

Figure 1 either have > 90% electricity access (in the case of Gabon) or may not report reliable 

data. This is likely the case for Zimbabwe (< 10 Gg a-1) and South Sudan (< 30 Gg a-1), as both 

have low electricity access.13 

 

Charcoal combustion produces less smoke than wood,14 but involves a very inefficient 

production phase. Most charcoal is produced in rural areas close to main roads and using 

inefficient earth kilns: piles of wood buried under earth and sod and slow-burned for 2-4 

weeks.15 The finished product is packaged in sacks and loaded onto heavy-duty diesel trucks 

for transport to cities mainly to be used for residential and commercial cooking.16 Trace gases 

and aerosols are emitted throughout the charcoal supply chain9 and go on to react in the 

atmosphere to form secondary pollutants (ozone and secondary inorganic or organic 

aerosols).17 Ozone and aerosols are hazardous to health (specifically PM2.5 or particles with an 

aerodynamic diameter < 2.5 m) and offset the Earth’s radiative balance.18,19 The efficiency of 

conversion of wood to charcoal is very low (9-30 mass %),20,21 leading to release of products 

of incomplete combustion: carbon monoxide (CO), methane (CH4), organic aerosols (OA), and 

non-methane volatile organic compounds (NMVOCs).22 Heavy-duty diesel trucks used to 

transport charcoal to urban centres are outdated, unregulated, and often overloaded, releasing 

large quantities of black carbon (BC) and nitrogen oxides (NOx  NO + NO2).23,24 In urban 

centres, charcoal used for cooking leads to the release of primary aerosols (BC and OA), 

NMVOCs and NOx.9 In slums, plastic is frequently used to initiate charcoal combustion. When 

burned, plastic emits hydrochloric acid (HCl)25 that affects tropospheric budgets of ozone and 

OH, the dominant oxidant in the atmosphere.26,27  

 

Solid fuels have a profound and growing influence on local air quality and health in Africa.28–

30 Ambient concentrations of PM2.5 at a charcoal production site in Nigeria, averaged over 
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phases in the charcoal production process, range from 6,600-34,000 g m-3 during pyrolysis to 

100-400 g m-3 during extraction from kilns.31 Indoor 24-hour mean PM2.5 concentrations > 

300 g m-3, sometimes reaching 1500 g m-3, were measured in homes in Sub-Saharan Africa 

where charcoal satisfies at least 50% of a household’s energy needs.32 The World Health 

Organization (WHO) guideline on 24-hour mean PM2.5 exposure is 25 g m-3.33 Use of existing 

regional inventories to quantify the air quality and radiative forcing contribution of emissions 

from the charcoal industry will lead to erroneous results, as these inventories oversimplify the 

geospatial distribution and temporal variability of charcoal production and use27,29 and report 

vehicle usage27,29 and waste burning34 emissions in very broad categories. 

 

Here we develop an inventory of directly emitted pollutants and short-lived climate forcers 

from the charcoal supply chain in Africa for the present-day (2014) and future (2030) to address 

shortcomings in existing inventories and isolate vehicle usage and waste burning associated 

with the charcoal industry. We implement the inventory in the GEOS-Chem chemical transport 

model (CTM) to determine the impact of the charcoal industry across Africa on local surface 

concentrations of the air pollutants ozone and PM2.5 and global tropospheric concentrations 

and radiative forcing of ozone and aerosols. To put our results in context, we compare these to 

estimates from anthropogenic sources that are traditionally dominant in Africa. These include 

open burning of biomass and household use of fuelwood.29,35 

 

2. EMISSION INVENTORY DEVELOPMENT  

Annual emissions of trace gases (CO, NO, SO2, NMVOCs and HCl) and primary particles 

(BC and OA) from charcoal production, use (including plastic burning), and transport are 

estimated for 2014 in Africa using a standard approach:36  

E𝑖   = A𝑗 ×  EF𝑖,𝑗                                 (1). 
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E𝑖 is annual emissions of pollutant 𝑖 in grams; A𝑗 is the country-level amount of fuel, j, burned 

(in kg a-1); and EF𝑖,𝑗 is the emission factor of pollutant 𝑖 in g pollutant per kg fuel j burned. The 

amount of charcoal produced and used in 2014 is from the UN energy statistics database.10 The 

database is curated by the UN Statistics Division using statistics collected with annual 

questionnaires of contemporary and revised historical data from individual countries.37 

  

Most plastic use is in slums on the periphery of cities.38 There is no activity data on the amount 

of plastic burned for charcoal use, so we estimate a value for each country as the product of the 

relative proportion of the urban population living in slums ranging from none in Algeria to 

>90% in South Sudan in 2014,39 the quantity of charcoal consumed, and our own speculative 

guess of the amount of plastic used per kg charcoal consumed (4 g kg-1). We determine 4 g kg-

1 as the minimum of the ratio of the average mass of a plastic shopping bag (8g)40 to daily 

charcoal usage for a 4-person household (2.0-2.6 kg).41    

 

We determine diesel use by trucks to transport charcoal to urban centres as the product of the 

number of trucks required to transport the charcoal, the distance these travel (detailed below), 

and diesel fuel efficiency (0.25 kg km-1) representative of inefficient and unregulated 

vehicles.42 The number of trucks in each country is estimated assuming each truck is heavy 

duty and transports the recommended maximum payload of 16 tonnes of charcoal. The average 

distance travelled by the majority of trucks to urban centres is estimated relative to the urban 

population using scaling factors guided by findings in Philip and Munslow43 for Maputo in 

Mozambique. We use a fixed travelling distance from the city centre of 2 km for small cities 

( 1000 people), a scale factor of 0.025 km per 1000 people to determine the distance travelled 

to medium-sized cities (1000 < inhabitants  2 million), and a fixed distance from the city 

centre of 50 km for large cities (> 2 million people). We obtain urban population by sampling 

population density from the Gridded Population of the World (GPW) version 4.10 dataset44 
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within the urban extent of the city. The latter we identify as OpenStreetMap residential road 

networks, a category in the data,45 with road density ≥ 0.4 miles ha-1.   

 

 

 Figure 2. Geospatial mapping of charcoal supply chain activities for Sierra Leone using 

ArcGIS version 10.4.46 The centre map shows charcoal production zones (green), urban centres 

where charcoal is used (red), and major road networks (purple). Blue zones show the extent of 

roads with the greatest density of trucks transporting charcoal. Hatchings are protected areas 

(see text for details) that are excluded from charcoal production. The map on the right shows 

delineation of urban centres into the city centre (grey) and surrounding slums (orange) where 

plastic is used.  

 

Figure 2 illustrates the approach we take to map charcoal supply chain activities for Sierra 

Leone in West Africa. In 2014 in Sierra Leone charcoal production and use were equal, each 

0.42 Tg. We use OpenStreetMap primary roads,45 the UN Food and Agriculture Organization 

(FAO) land cover type,47 and protected area data48 to identify viable production zones in each 

country in Africa. These are typically concentrated 5-15 km from roadways, out of sight but 

with easy access to transport routes.49 Viable production zones are those coincident with FAO 

vegetation types that would be harvested to produce charcoal (forest, woodland, shrubland or 
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savannah vegetation) (green zones in Figure 2), and not designated as protected areas 

(hatchings in Figure 2). Plastic burning is mapped to urban populations living 2-15 km from 

the centre of the city, based on the spatial extent of Kibera, a slum on the periphery of Nairobi, 

Kenya.50 This likely overestimates the spatial extent of slums, as Kibera is the largest slum in 

Africa.50  

 

Table 1. Emission factors for charcoal production, use and transport 

Activity 

 

Emission Factor [g kg-1] a 

BC OC CO NO SO2 CH4 NMVOCs HCl 

Production b 0.02 (0.02) 0.74 (0.72) 255 (52) 0.22 (0.22) - 39.6 (11.4) 161 (115) - 

Use b 1.00 1.30 189 (36) 1.41  - 5.29 5.56 - 

Transport 0.14 (0.1)c 2.07 (0.2)c 23.1 (3)c 28.9 (4)c 0.35 (0.1)c 0.40d 2.80d - 

Plastic burning e - - - - - - - 77.9 

a Emission factors (EFs) are in grams of pollutant per kg of fuel consumed. Numbers in parentheses 

are the estimated variability where this is reported. Dashes denote either no measured or detected EFs. 

b Akagi et al.9, c Zavala et al.24, d Sun et al.51, e Stockwell et al.25.   

 

Table 1 summarizes the EFs we apply to our gridded data. Values are from Akagi et al.9 for 

charcoal production and use. Transport EFs are from measurements for trucks under driving 

conditions in Mexico City24 that we assume to be more consistent with conditions in Africa 

than EFs used to compile European52 or US53 regional inventories. Plastic burning is only a 

significant source of HCl from combustion of chlorinated plastics that, while regulated in 

Europe and the US, are not in African countries.54 Values for HCl are from plastic waste 

burning measurements made during the Nepal Ambient Monitoring and Source Testing 

Experiment (NAMaSTE) campaign in Nepal.25  

 

The conditions under which the EFs in Table 1 are obtained can be highly variable, as indicated 

by the range in measurements of 100% for BC, OC, and NO from charcoal production. Recent 

field campaigns in West Africa included measurements of emissions of BC and OC from 
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charcoal use,14,23 production,23 and heavy-duty diesel vehicles (HDDVs).23 Pfotenhauer et al.14 

also measured CO EFs from charcoal use. Values in Table 1 fall within or close to the range of 

EFs measured in those studies for charcoal use (BC: <0.15-0.95 g kg-1; OC: 0.48-6.4 g kg-1; 

CO: 113-276 g kg-1), and OC from HDDVs (1.15-3.93 g kg-1). Whereas, values we use are at 

least 3-times lower than their OC and BC EFs for charcoal production (OC: 2.92-4.94 g kg-1; 

BC: 0.06-0.38 g kg-1) and BC EFs from HDDVs (1.15-3.25 g kg-1).  

 

Emissions of pollutants for each activity in each country are calculated as the product of the 

EFs in Table 1 and fuel use (Eq. (1)). These are then evenly distributed to the charcoal activity 

locations in each country (Figure 2) and area-weighting is applied to grid these emissions to a 

uniform 0.1  0.1 grid for input to GEOS-Chem.  

 

We determine likely emissions from the charcoal industry in Africa in 2030 by regressing 

charcoal production for each country against urban population from 2000 to 2014. We find that 

urban population explains more than 70% of the trends in charcoal production (R2 > 0.7) for 

countries that collectively account for >80% of charcoal production in 2014. The growth in the 

charcoal industry ranges from 1.4% a-1 for Egypt to 21.1% a-1 for Kenya. We obtain a 

relationship between urban population and charcoal production that varies from -1.3 kg 

charcoal (urban person)-1 a-1 for Zimbabwe to 1600 kg charcoal (urban person)-1 a-1 for Kenya. 

We apply these to predicted 2030 urban population in each country from the UN55 to estimate 

the amount of charcoal produced in 2030 and the relative change in charcoal production (and 

hence charcoal use and transport) from 2014 to 2030. We apply these relative change values 

for each country to the gridded 2014 emissions to obtain emissions for 2030. This approach 

assumes that the relative spatial distribution of emissions in each country is unchanged. In 

reality, urbanization would increase the spatial extent of charcoal use and unsustainable 

harvesting of wood leading to forest loss would alter the location of production zones.  
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The increase in charcoal supply chain activities from 2014 to 2030 in each country ranges from 

20% to 130%. Only in Zimbabwe does production and use decrease (by 30%). Total biomass 

(wood and other dry matter) required to produce charcoal in 2030 is 300-1000 Tg, depending 

on conversion efficiency. The average past trend in charcoal production across Africa of 7% a-

1 is sustained to 2030. This results in a doubling in emissions in 2030 relative to 2014 over just 

16 years; half the time projected by Bailis et al.56 for a business-as-usual scenario starting in 

2000. Our approach assumes no significant change in EFs, charcoal production and use 

conversion efficiencies, and the relative proportion of charcoal exported to international 

markets. One might expect widespread adoption of cleaner alternatives and other initiatives to 

slow growth in charcoal use. This is not apparent in past behaviour. Imposed bans in countries 

with intensive charcoal production, such as Somalia and Kenya, have been ineffectual.57 

Historical growth in charcoal production and use has occurred alongside increased adoption of 

cleaner energy. The use of LPG and electric stoves as primary cooking devices rose by 3.5% 

a-1 (LPG) and 4.3% a-1 (electric stoves) from 2000 to 2010.58 Dominant factors that mitigate 

much faster adoption of cleaner alternatives to reduce reliance on charcoal include low 

willingness to pay, low grid connectivity, unreliable electricity supply, and irregular household 

income.59 The transition to clean fuels may also be disrupted by the economic recession 

anticipated as a result of the COVID-19 pandemic.60,61   

 

3. INCORPORATION OF THE INVENTORY IN GEOS-CHEM 

We use GEOS-Chem version 12.0.0 (https://zenodo.org/record/1343547) coupled to the rapid 

radiative transfer model (RRTMG)62 to determine the contribution of the charcoal supply chain 

in Africa to local surface concentrations of ozone and PM2.5 and to regional and global direct 

radiative effects of aerosols and ozone from the difference in these modelled parameters with 

and without our inventory. GEOS-Chem is simulated at a horizontal resolution of 2  2.5 

https://zenodo.org/record/1343547
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(latitude  longitude) and is driven with NASA Global Modeling and Assimilation Office 

(GMAO) Modern-Era Retrospective Analysis version 2 (MERRA-2) reanalysis meteorology.   

 

We partition emission factors for total NMVOCs (Table 1) into individual components based 

on source profiles from Akagi et al.9 for charcoal production and use and from Zavala et al.24 

for trucks. We also derive representative seasonal scaling factors for charcoal production and 

transport, and diurnal scaling factors for charcoal use. Kambewa et al.63 report from field 

observations that most charcoal is produced in the rainy season, as charcoal producers 

capitalise on higher charcoal prices in this season when other fuel sources are unreliable. We 

assume that 60% of charcoal is produced and transported in the wet season compared to 40% 

in the transition and dry seasons. The timing and length of charcoal production in the wet 

season varies spatially to represent spatial variability in these across the continent. The diurnal 

scaling we use assumes that most charcoal, primarily for cooking, is used from 06h00 to 20h00 

local time. The other emission sources in GEOS-Chem relevant to Africa are from the Global 

Fire Emissions Database version 4 (GFED4)64 for open fires, Diffuse and Inefficient 

Combustion Emissions in Africa (DICE-Africa)29 for anthropogenic inefficient combustion 

excluding charcoal production and use, and Community Emissions Data System (CEDS)65 for 

industry, power generation and open burning of trash. The model also includes natural 

emissions of biogenic NMVOCs,66 soil NOx,67 and dust.68 Emissions are regridded to the 

GEOS-Chem grid and seasonal and diurnal scaling factors are applied with the Harvard-NASA 

Emissions Component (HEMCO) emissions processing package.69  

 

GEOS-Chem includes detailed gas- and aerosol-phase chemistry and loss processes (wet and 

dry deposition) to represent formation and loss of ozone and relevant individual components 

of PM2.5: sulfate, nitrate, ammonium,70,71 OA,72 and BC.73 GEOS-Chem representation of 

PM2.5 in Africa has already been evaluated with a similar configuration of the model to that 
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used here. In that study, modelled PM2.5 reproduced annual mean PM2.5 measured at limited 

surface network sites in South Africa and derived with global satellite observations of aerosol 

optical depth (AOD).74 RRTMG calculates instantaneous long- and short-wave fluxes.62 We 

sample top-of-the-atmosphere all-sky fluxes associated with aerosols in the shortwave only and 

associated with ozone in the short- and long-wave. Additional details of model treatment of 

aerosols and calculation of PM2.5 are in the supporting information. Meteorology for 2014 is 

used for both model simulations that use the 2014 and 2030 inventory to isolate the effects of 

emissions only. We sample the model in 2014 following two months of spin-up for chemical 

initialization.  

 

4. PRESENT-DAY CHARCOAL INDUSTRY EMISSIONS  

The amount of wood pyrolysed to produce charcoal in 2014, assuming a conversion efficiency 

of 9-30%,20,21 is 140-460 Tg. This represents 6-22% of annual open fire dry matter burned from 

the GFEDv4.1 biomass burning inventory for Africa.75 Based on the emission estimates of our 

study, the importance of charcoal relative to open fires may be increasing rapidly. In West 

Africa, for example, we estimate that 35-120 Tg fuelwood was used to produce charcoal in 

2014. This is 2-6 times the 21 Tg obtained by Lacaux et al.76 for West Africa in 1992 for a 

conversion efficiency of 28%. The amount of charcoal produced (Figure 1) and used in 2014 

is 1.4 times more than that in the regional DICE-Africa inventory for 2013 (29.8 Tg from 

production; 27.7 Tg from use),29 even though DICE-Africa activity data is from the same 

database and most charcoal production and EFs for DICE-Africa are similar to those used here 

(Table S1). Larger production and use in our inventory is due to a combination of annual 

growth from 2013 to 2014, availability of data for more countries (47 countries) than was 

available for DICE-Africa (43), and a 32% increase in the revised UN database charcoal 

production and use statistics used in this study. The latter we estimate by comparing data for 

the same countries for 2013 used in DICE-Africa and the UN data we use. Fuel usage for 
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transporting charcoal of 0.07 Tg represents just 0.2% of all motor gasoline used for transport 

in Africa in 2014.10 

  

 

Figure 3. Spatial distribution of BC emissions from charcoal use (left), production (top right), 

and transport (bottom right) in Africa in 2014 at 0.1  0.1.  Inset images illustrate the spatial 

distribution of BC emissions for Uganda. Inset values are emission totals for the continent in 

2014.  

Figure 3 shows the spatial distribution of BC emissions from charcoal production, use and 

transport in Africa in 2014. We use BC to illustrate the spatial distribution of emissions, since 

we find that all other pollutants show similar spatial distribution, apart from HCl (emitted in 

slums only) and SO2 (from transport only). Emissions from all activities peak in East and West 

Africa (as is expected from Figure 1). Intense production in rural areas is concentrated along 

major roadways, and consumption and transport peak in urban centres where people and truck 

traffic are concentrated (Figure 2).  
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Figure 4. Contribution of charcoal activities to emitted pollutants in 2014. Total emissions 

are given for each pollutant. Colours distinguish emissions for charcoal production (red), use 

(green), and transport (yellow).  

Figure 4 shows total emissions of each pollutant and the relative contribution of the different 

activities to the total in 2014. Emissions from charcoal production are dominated by CO (57.7% 

of total CO emissions), NMVOCs (96.6%), and CH4 (88.3%) and reflect incomplete 

combustion under low-oxygen conditions. The majority of NOx and BC emissions are from use 

in urban centres (76.1% for NOx; 97.8% for BC), due to higher conversion efficiencies 

compared to charcoal production. The NMVOC-to-NOx emission ratios are much higher for 

production (700:1) than use (4:1). This indicates much greater sensitivity of ozone production 

to NOx emissions in charcoal production zones than in urban areas,66 though this effect will be 

diluted at the coarse resolution of the model used here.  

Charcoal production should make a larger contribution to OC emissions than its use, as 

charcoal production is a very inefficient combustion process, but we obtain the opposite in our 

inventory: 36.1% from production; 62.7% from use. The BC and OC EFs that we use from 
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Akagi et al.9 are originally from Bond et al.79, with reported uncertainties of 110% for BC and 

91% for OC. The mean of the OC EFs for charcoal production from the recent field 

measurements obtained by Keita et al.23 of 3.93 g kg-1 is 5-times higher than 0.74 g kg-1 used 

in this work (Table 1). If instead we used the Keita et al.23 EFs, the relative contribution of OC 

would be 69.2% production, 30.4% use. Similarly, at least 10-times higher BC EFs from Keita 

et al.23 for HDDV would increase the contribution of trucks to total BC emissions to 17% 

compared to only 2% in Figure 4 and increase total BC emissions from 40 to 50 Gg.  

In cities, emissions are higher in slums than the city centre, reflecting greater population density 

and dependence on charcoal for energy generation in slums. HCl is exclusively from plastic 

burning in our inventory. There are also HCl emissions from burning fuelwood, but these are 

much lower than from burning plastic.25 The total plastic burned in 2014 to initiate combustion, 

obtained as the product of the rate of usage (4 g kg-1) and the mass of charcoal used in slums 

(Figure 2), is 260 tonnes. Values for individual countries are in Figure S1. Plastic burning also 

releases OA, BC and CO. Total emissions of these from burning 260 tonnes of plastic is 2.2 

tonnes BC, 8.8 tonnes OC, and 22 tonnes CO using reported EFs of BC80, OC80 and CO25. 

These are at least 3 orders of magnitude less than charcoal industry emission totals (Figure 4). 

All the SO2 is from transport, as there are no detectable emissions of SO2 from charcoal 

production and use.9,81 With the exception of NOx and SO2 emissions, transport contributes 

<2% to total emissions. A similar small contribution (0.15%) of transport to emissions of CO2 

from the charcoal supply chain was estimated by Ekeh et al.82 for Kampala, the capital city of 

Uganda.  

  

Emissions from this work are higher than those in DICE-Africa29 for charcoal use due to 

differences in activity factors already discussed, but much lower than DICE-Africa for charcoal 

production. That inventory used the same Akagi et al.9 charcoal production EFs as in Table 1, 
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but applied these as per kg fuelwood required to produce charcoal rather than per kg charcoal 

produced. They used a conversion efficiency of 20% to estimate the mass of fuelwood required 

from the reported mass of charcoal produced, leading to a 5-fold overestimate in emissions in 

that inventory. After we correct for this error in the DICE-Africa charcoal production 

emissions, we find that the BC, OC, CO, NMVOCs and CH4 emissions from this work are 

higher than DICE-Africa charcoal production and use emissions by 30-80%. This is due to 

differences in activities already discussed. Table S2 compares individual species emissions 

from DICE-Africa and our inventory. 

 

Uncertainties in our emission inventory result from limited availability of activity data, our 

assumptions about activities in the absence of data (specifically trucks and plastic burning), 

limited information about EFs representative of conditions in Africa, and extrapolation of 

information from a few reports or local case studies to the whole continent. Even so, emissions 

estimates from our inventory suggest that the charcoal industry makes a substantial 

contribution to biomass emissions in Africa. Our estimate of CH4 emissions from the charcoal 

supply chain, mostly from production (Figure 3), is 40% of CH4 emissions from open fires in 

Africa from the global GFEDv4.1 inventory in 2014.75 Rapid urbanisation is driving an 

increase in charcoal production of ~7% a-1 across Africa. Burned area from open fires in 

countries in West Africa decreased by 0.7-2.0% a-1 from 2001 to 2012 due to cropland 

expansion alone.83 At these rates, CH4 from the charcoal industry in West Africa may surpass 

that from open fires by 2025.  

 

5. AIR POLLUTION AND CLIMATE FORCING OF CHARCOAL EMISSIONS  

The top panel of Figure 5 shows GEOS-Chem annual mean surface concentrations of PM2.5 

and ozone for 2014 from all sources. PM2.5 is mostly from windblown Sahara Desert dust. 

Surface ozone in North Africa is influenced by emissions in Europe84 and those in southern 
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Africa by emissions from industry and power generation in South Africa, exacerbated by large-

scale recirculation of pollution-laden air.85,86 The bottom panel of Figure 5 shows the 

enhancement in annual mean surface PM2.5 and ozone in 2014 due to the charcoal supply chain, 

obtained as the difference in GEOS-Chem simulations with and without our inventory. These 

are likely conservative, as we use OC EFs for charcoal production and BC EFs for HDDV that 

are much lower than recent field measurements23. The effect of using these would be greatest 

in rural areas, due to an increase in mass concentrations of OA along production zones. 

Charcoal industry PM2.5 is highest in East and West Africa and closely follows supply chain 

emissions (Figure 3). The peak enhancement of 1.3 µg m-3 occurs at the border between Kenya 

and Uganda and propagates up to ~2 km altitude in the model. In southern and East Africa 

annual mean PM2.5 is <40 g m-3, so a unit change in PM2.5 would increase the risk of premature 

mortality by 0.8%, according to the relationship between PM2.5 and premature mortality from 

the meta-regression analysis of Vodonos et al.74,87 That relationship was derived without 

cohorts from African countries. A weaker health response would be expected for North and 

West Africa where annual mean PM2.5 far exceeds 40 µg m-3.74,87 Surface ozone enhancements 

due to the charcoal supply chain are small, peaking at just 0.7 ppbv coincident with the densely 

populated cities Nairobi and Kampala in East Africa. The contribution of open fire emissions 

to surface ozone in Africa is much larger (10-50 ppbv).35 The enhancement we estimate for 

2030 is on average a factor of 1.4 more for PM2.5 and 1.8 more for ozone than is obtained in 

2014.  
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Figure 5. The effect of the charcoal supply chain on surface PM2.5 and ozone in 2014. Panels 

show the spatial distribution of GEOS-Chem annual mean surface PM2.5 (left) and ozone (right) 

from all sources (top) and from the charcoal supply chain only (bottom) (see text for details). 

Black boxes show domains used to generate Figure 6. 

 

Figure 6 shows the seasonality of the enhancement in surface PM2.5 and ozone from charcoal 

where these pollutants peak in East and West Africa (Figure 5). PM2.5 seasonality is stronger 

in West than East Africa and is opposite to the seasonality that we impose for charcoal 

production emissions (60% in the wet season). This is because of efficient dispersal of air 

pollution by the south-westerlies of the West African Monsoon in June-August. Spatial 

displacement of PM2.5 to the northeast in the wet season in West Africa supports this (not 

shown). In December-February, PM2.5 accumulates in West Africa due to very stagnant 
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conditions resulting from a natural inversion across West Africa established by southerly shift 

of the warm Harmattan winds.88 Ozone seasonality is also stronger in West than East Africa 

and is enhanced in all months except the dry season. The dry season includes emissions of NOx 

from intense and widespread biomass burning, whereas outside the biomass burning season 

NOx emissions are relatively low. This leads to sensitivity of ozone formation to NOx in West 

Africa outside the dry season89 and the seasonal pattern shown in Figure 6. Most charcoal NOx 

emissions come from charcoal use (Figure 4) that has diurnal variability, but no seasonality in 

the model.  

 

  

 Figure 6. Seasonality of surface PM2.5 and ozone from charcoal emissions in Africa in 2014. 

Points are monthly means obtained as the difference in GEOS-Chem PM2.5 (red) and ozone 

(blue) with and without our inventory over West Africa (solid line) and East Africa (dashed 

line). Domains sampled are indicated in Figure 5. Black lines show the duration of the wet and 

transition seasons for West Africa (solid line) and East Africa (dashed line).  
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Figure 7 shows 2014 all-sky top-of-the-atmosphere (TOA) direct radiative forcing due to 

aerosols and ozone from the charcoal supply chain in Africa. These are obtained as the 

difference in GEOS-Chem-RRTMG calculated atmospheric fluxes with and without our 

inventory. The all-sky TOA direct aerosol forcing is localised over the continent close to large 

urban sources and is negative, mostly due to negative OA radiative forcing. The positive 

contribution from BC is small, peaking at just 3 mW m-2. The average aerosol radiative forcing 

for the continent and a portion of the Middle East (25.4W-57.8E and 34.8S-37.3N) is -30 

mW m-2; much more than the response of -4.1 mW m-2 from a 10% reduction in early 1990s 

open fire emissions for a similar domain and using a CTM and an offline radiative transfer 

model.90 The 10% emissions reduction in that study is similar in magnitude to our CO and 

NMVOCs emissions for 2014, but is more than our BC, OC, and NOx.  

 

The all-sky TOA direct ozone radiative forcing extends across the tropics and subtropics and 

is mostly positive. There are some locations with negative forcing in East Africa. These occur 

over cities in Kenya (Nairobi), Uganda (Kampala), and Ethiopia (Addis Ababa) that have large 

enhancements in PM2.5 from charcoal emissions (Figure 5). The negative ozone forcing results 

from reduced availability of light due to absorption by strong absorbers like BC emitted during 

urban charcoal use (Figures 4-5). Positive ozone radiative forcing peaks at 4.2 mW m-2 over 

the mid-Atlantic in 2014 and the average for the south and mid-Atlantic Ocean (box in Figure 

7) is 2.2 mW m-2. The ozone radiative forcing estimated for Africa in the 10% open fires 

emissions reduction study90 is -4.6 mW m-2; more than double the magnitude of the response 

we obtain of +1.9 mW m-2 in 2014.   
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Figure 7. Direct radiative forcing in the tropics and subtropics due to the charcoal supply chain 

in Africa now and in the future. Simulated annual mean all-sky top-of-the-atmosphere direct 

aerosol shortwave (left) and ozone longwave and shortwave (right) forcing for 2014 (top) and 

2030 (bottom) from GEOS-Chem coupled to RRTMG (see text for details). The black box is 

the mid-Atlantic Ocean region discussed in the text. 

 

Figure 8 shows the vertical distribution of modelled ozone for 2014 north and south of the 

Equator. Charcoal industry emissions increase ozone at the surface (Figure 5) and throughout 

the troposphere (Figure 8), as ozone precursor emissions of NOx, NMVOCs, CO, and CH4 far 

exceed ozone destruction emissions of HCl (Figure 4). The ozone enhancements associated 

with the positive TOA direct ozone radiative forcing in Figure 7 occur aloft and predominantly 

in the upper troposphere (above 350 hPa; > 8 km). This is associated with peak ozone radiative 

forcing efficiency aloft in the tropics91 and an increase in ozone production efficiency (ozone 

produced per molecule of NOx lost to temporary reservoirs or permanent sinks) with 

altitude.92,93  
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Figure 7 also includes future (2030) annual mean all-sky TOA direct aerosol and ozone 

radiative forcing from the charcoal supply chain in Africa. The mean all-sky TOA aerosol 

direct forcing for Africa is -40 mW m-2; 1.3 times the aerosol direct forcing in 2014. The peak 

all-sky TOA ozone direct radiative forcing is 6.3 mW m-2 over the Atlantic Ocean region (box 

in Figure 7). The mean for Sub-Saharan Africa (30W-60E, 40S-10N) almost doubles from 

1.9 mW m-2 in 2014 to 3.4 mW m-2 in 2030 and can be compared to 10 mW m-2 and 15 mW 

m-2 direct ozone radiative forcing estimated for all household biofuel use and open burning of 

biomass, respectively, in Sub-Saharan Africa for 2030 relative to 1995 obtained using a general 

circulation model with a middle-of-the-road future scenario to calculate 2030 emissions.94  

 

 

Figure 8.  Vertical distribution of tropospheric ozone attributed to the charcoal supply chain in 

Africa in 2014. Longitude-pressure plot of GEOS-Chem ozone enhancements in the northern 

(top) and southern (bottom) hemispheres averaged into 50 hPa bins. Tropopause height is from 

MERRA-2 meteorology.  
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The health study by Marais et al.74 provides support for widespread adoption of renewable 

energy in Africa by calculating a large health burden due to exposure to ambient PM2.5 from 

future fossil fuel use for transport and energy production. Our work further incentivizes the 

need for this energy transition by showing that the charcoal industry in Africa has a large and 

rapidly increasing influence on local air pollution and local and regional climate. Africa is 

urbanizing faster than anywhere else in the world, driving growth in the charcoal industry. 

Estimates of the influence of the charcoal industry on air quality and climate are particularly 

sensitive to the choice of emission factors, so there is critical need for ongoing research to 

measure emission factors representative of a range of production practices (kilns, conversion 

efficiencies, emission mitigation measures) and usage conditions (cookstoves, charcoal 

quality). Also in need are extensive geospatial information of charcoal kilns aided by remote 

sensing and machine learning95, continuous measurements of atmospheric composition to 

evaluate air quality and climate models in priority regions identified in this work (East and 

West Africa), estimates of health risks of exposure to charcoal pollution at production sites and 

indoors, and incorporation of air pollutants and short-lived climate forcers in environmental 

sustainability assessments of this widely adopted energy source.  
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