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Global demand for charcoal is increasing mainly due to urban population in developing

countries. More than half the global population now lives in cities, and urban-dwellers

are restricted to charcoal use because of easiness of production, access, transport, and

tradition. Increasing demand for charcoal, however, may lead to increasing impacts on

forests, food, and water resources, and may even create additional pressures on the

climate system. Here we assess how different charcoal scenarios based on the Shared

Socio-economic Pathways (SSP) relate to potential biomass supply. For this, we use

the energy model TIMER to project the demand for fuelwood and charcoal for different

socio-economic pathways for urban and rural populations, globally, and for four tropical

regions (Central America, South America, Africa and Indonesia). Second, we assess

whether the biomass demands for each scenario can be met with current and projected

forest biomass estimated with remote sensing and modeled Net Primary Productivity

(NPP) using a Dynamic Global Vegetation Model (LPJ-GUESS). Currently one third of

residential energy use is based on traditional bioenergy, including charcoal. Globally,

biomass needs by urban households by 2100 under the most sustainable scenario,

SSP1, are of 14.4 mi ton biomass for charcoal plus 17.1 mi ton biomass for fuelwood

(31.5 mi ton biomass in total). Under SSP3, the least sustainable scenario, we project

a need of 205 mi tons biomass for charcoal plus 243.8 mi ton biomass for fuelwood

by 2100 (total of 450 mi ton biomass). Africa and South America contribute the most

for this biomass demand, however, all areas are able to meet the demand. We find that

the future of the charcoal sector is not dire. Charcoal represents a small fraction of the

energy requirements, but its biomass demands are disproportionate and in some regions

require a large fraction of forest. This could be because of large growing populations

moving to urban areas, conversion rates, production inefficiencies, and regions that

despite available alternative energy sources still use a substantial amount of charcoal. We

present a framework that combines Integrated Assessment Models and local conditions

to assess whether a sustainable sector can be achieved.

Keywords: traditional bioenergy, charcoal, integrated assessment, supply and demand, biomass, dynamic

vegetation model, remote sensing
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INTRODUCTION

More than half of the global population now lives in cities, leading
to important consequences for energy consumption (Grubler
et al., 2012). Urbanization will influence the type of fuels used
and also the total energy consumption for different functions,
and choice depends on income (Poumanyvong and Kaneko,
2010). Charcoal is the main cooking fuel especially in urban
areas in sub-Saharan Africa, South Asia, Latin America and the
Caribbean (Ghilardi et al., 2013; Mwampamba et al., 2013; Zulu
and Richardson, 2013). Globally, charcoal corresponds to a small
fraction of the total energy mix (Bond et al., 2004). However, with
continued urbanization charcoal will remain an important fuel
locally (Arnold et al., 2006; Ghilardi et al., 2013) and will likely
become an important fuel globally, as Africa and South America
are major producers and exporters (Hillring, 2006).

The reason for the preference for charcoal by part of the
urban dwellers in developing countries is that it has higher
energy content than firewood (32–33 MJ/kg in charcoal vs.
18–19 MJ/kg in fuelwood; Wood and Baldwin, 1985), has a
more accessible and reliable supply, is easier to transport, is
inexpensive, stores more easily, and burns more cleanly, i.e.,
with less smoke (Zulu and Richardson, 2013). Worldwide,
about 1.5 to 2 million deaths per year are caused by indoor
air pollution from burning biomass, with the majority of
the contribution coming from unprocessed wood rather than
charcoal (Torres-Duque et al., 2008). However, depending on
the charcoal production method, 3 to 12 kg of biomass are
required to produce 1 kg of charcoal. Further, charcoal’s non-
CO2 greenhouse gas emissions are 6–13 times higher than
traditional woodfuels, which includes the contribution of the
emissions during charcoal production phase (Torres-Duque
et al., 2008). Charcoal production has many environmental
impacts, namely deforestation and forest degradation, followed
by erosion impacting the catchment hydrology, and emissions
of greenhouse gases. Charcoal production is responsible for 7%
tropical forest loss (Chidumayo and Gumbo, 2013), making
it important to assess whether there is enough forest to
sustain this production at local and global scales, particularly
if demand is to increase with further urbanization. Further,
charcoal production could affect the microclimate, leading to
more extreme temperatures, wind and water erosion even
when the kiln-site is no longer in use as regeneration of the
ecosystems requires a number of years (Gómez-Luna et al., 2009).
Finally, charcoal productionmay compete with the production of
food, reduce water resources, and other services forests provide
(Fisher et al., 2011; Chidumayo and Gumbo, 2013). Besides
these negative effects, charcoal may also be beneficial as its
application to soils contributes to higher organic matter content
and soil fertility (Glaser et al., 2002). If managed properly, some
researchers have indicated that charcoal could be a renewable
energy source with a theoretical net carbon emission close
to zero (Piketty, 2015) even becoming a sustainable sector
given that good governance is put in place (Neufeldt et al.,
2015).

Due to the expected continuation of urbanization trends,
demand for charcoal could increase in the coming decades
(Mwampamba et al., 2013; Zulu and Richardson, 2013),

depending on the competition with other fuels. As such,
increasing demand for charcoal may create additional pressures
on the climate system (Bailis et al., 2015) challenging policy goals
for energy transitions (Zulu and Richardson, 2013), food security
(Mwampamba et al., 2013), and biodiversity (Chidumayo and
Gumbo, 2013). Alternatively, energy transition from charcoal to
renewable fuels such as pellets, bio-ethanol, renewable electricity,
etc. needs to account for land use emissions which could
arise from maintaining forest areas (Peters et al., 2013). It is
therefore important to have a more detailed assessment of the
implications of using charcoal as a bioenergy source, i.e., the
dynamics of demand and supply of charcoal and its impacts.
The nexus approach for charcoal aims to take an integrated
consideration of the environmental, societal and economic
issues related to charcoal supply and demand. It also aims at
understanding how the effects of demand and supply in one
sector percolate across other sectors. One way to operationalize
the nexus approach is through the use of Integrated Assessment
Models (IAM).

Here, we use IAM to project future global and regional
demands for energy and estimate the share of charcoal in such
projections. We use the energy model TIMER (a part of the
IAM IMAGE) to project the demand for secondary energy from
fuelwood and charcoal, and the primary biomass “equivalents.”
We do that by estimating biomass “equivalents” that correspond
to a 1:5 conversion for charcoal and 1:1 conversion for other
biomass sources. We then compare the demand with the current
and over time forest biomass, and use this information to discuss
the nexus between charcoal and its coupled sectors, globally and
for four tropical regions with high charcoal demand (Central
America, South America, Africa and Indonesia).

METHODS

Study System
World charcoal production approached 50 million tones in
2010 (FAO, 2016). Recent estimates suggest that 51% of
charcoal production comes from Africa and 35% from South
America, but not all the charcoal stays where it is produced
and major exports of charcoal occur in Indonesia, Malaysia
and China, while major imports occur in Europe, Korea and
Japan (Hillring, 2006; http://www.trademap.org). Most of this
production is to meet demands for charcoal for cooking and
heating. Charcoal production is arguably one of the most ancient
human engineering processes, dating from 38,000 year ago.
Charcoal is produced by slow pyrolysis, i.e., heating of wood in
the absence of oxygen (Antal and Gronli, 2003). This is achieved
in its most traditional production way, by stacking wood in a pile,
sealing it with a layer of grass and soil, and igniting the wood at
the kiln entrance, i.e., the structure produced by the wood stack
and soil layer (Figure 1).

We used the Integrated Assessment Model IMAGE (Stehfest
et al., 2014) to project the demand for residential energy for
a number of energy carriers (solids, liquids, gaseous, modern
bioenergy, traditional fuels including charcoal, hydrogen,
secondary heat, and electricity). To determine the fraction of
charcoal in traditional fuels, we assume the proportions of
different traditional fuels in Bond et al. (2004) and Fernandes
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FIGURE 1 | Charcoal production system in Mexico: (A) deforestation for biomass, (B) post deforestation, (C) biomass for charcoal, (D) kiln, (E) kiln site

post-production, and (F) kiln site 5 years post-production.

et al. (2007), which varies between 2 and 30%. We then
determine biomass needed to meet charcoal and fuelwood
demand by estimating “biomass equivalents,” with a 1:5
conversion for charcoal and 1:1 conversion for fuelwood
(http://www.fao.org/docrep/x5328e/x5328e02.htm). This
demand is determined for three different potential futures as
projected in the Shared Socio-economic Pathway scenarios
(Riahi et al., 2017; van Vuuren et al., 2017). Second, we
compare projected demands with existing above ground biomass
estimated using remote sensing (Saatchi et al., 2011; Baccini
et al., 2012). Further, with modeled estimates of Net Primary
Productivity (NPP) from the Dynamic Global Vegetation
Model - LPJ-GUESS we have an estimate if the forest provides
enough increase in biomass to fulfill the charcoal demands while
other services remain. We do this globally and again for four
tropical regions (Central America, South America, Africa, and
Indonesia) to assess whether there are differences at global and
local scales, and whether there are differences for urban and rural
populations.

Projections of Future Energy Demand
The Integrated Model to Assess the Global Environment
(IMAGE) has been developed in order investigate the

interactions between human and natural systems with the
aim of assessing global change. A detailed description of the
model can be found in Stehfest et al. (2014). Among other
things, IMAGE provides long term (2100) global projections of
energy supply and demand, land use and land use change, and
consequent effects on the climate system.

In this analysis we primarily use projections of energy
demand for the residential sector as represented in IMAGE
(Daioglou et al., 2012). Residential energy demand is determined
for different end-use functions (cooking, water heating, space
heating, lighting and appliances), and different potential energy
carriers (traditional fuels, coal, oil, gas, electricity, etc.) that
compete with each other based on their relative costs. The model
is particularly appropriate as it explicitly takes into account
differences in urban and rural energy use, as well as five income
quintiles within each of these groups. Furthermore, it explicitly
takes into account the access of poor households to modern
energy carriers through endogenously modeled electrification
rates, consumer discount rates and other price effects. Following,
themodel was used in order to determine possible future demand
levels of traditional fuels and charcoal.

The demand for traditional fuels depends on the household
income, and the prices of different energy carriers. Traditional
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fuels are assumed to have no monetary cost and are thus used by
households which cannot afford modern energy carriers either
because they are too expensive, or the do not have access to
them (i.e., they are not electrified). The model is calibrated in
order to reproduce International Energy Agency data (1971–
2010; https://www.iea.org/) which provides historic traditional
fuel use, as well as modern energy carriers. The demand of
traditional fuels is disaggregated among fuelwood, crop residues,
dung and charcoal, with the volume of each calibrated to historic
data and it is assumed that historic and future charcoal use is
limited to urban households (Fernandes et al., 2007). Though the
model includes the trade of modern energy carriers, this is not
the case for traditional fuels, including charcoal.

Scenario Projections: Shared
Socio-Economic Pathways
The IMAGE model has recently been used in order to
assess energy and land use pathways for various baseline and
climate mitigation pathways based on the Shared Socioeconomic
Pathways (Kriegler et al., 2012; Riahi et al., 2017; van Vuuren
et al., 2017). The SSPs define distinctly different pathways
about future socio-economic developments and are designed to
span a wide range of combinations of challenges to mitigation
and adaptation to climate change. For this study we use
IMAGE results for charcoal demand for the SSP1, SSP2,
and SSP3 baselines (van Vuuren et al., 2017). SSP1, also
named as Sustainability, represents a world with low challenges
for climate adaptation and mitigation, with educational and
health investments accelerating the demographic transitions,
increases in economic welfare and low resource and energy
intensity. SSP2, named Middle of the Road, represents a world
with medium challenges to both mitigation and adaptation,
environmental systems continuing to experience degradation,
and some improvements and overall the intensity of resource
and energy use declines. Global population growth plateaus
in the second half of the century and economic inequality
improves only slowly. Finally, SSP3, named Regional Rivalry
represents a world with large challenges to both adaptation
and mitigation, with slow economic development, worsening
inequality, high population growth and a low priority for
addressing environmental concerns. In the context of this study,
the SSPs provide divergent storylines for urbanization, economic
development, inequality among urban and rural households, and
actions toward access and use of improved energy sources. For
instance, the lower economic growth, higher economic inequality
and population growth in SSP3 tend to increase the demand for
lower quality fuels while the opposite effects are observed in SSP1.

Global and Regional Demands for Energy
and Biomass under SSPs
We produced outputs at the global scale but also for the four
selected regions, Central America, South America, Africa and
Indonesia. We focus on these four regions because charcoal is
still very important as either the main source of energy (Africa),
co-use charcoal along other fuels (Indonesia), continue to use
charcoal for cultural reasons despite the dominant use of other

fuel sources (Central America), or provide charcoal to other
regions of the world (South America; Hillring, 2006; Ghilardi
et al., 2013; Mwampamba et al., 2013). We projected global
and regional demands for the required biomass across the three
SSP scenarios. The demand is measured in biomass, which for
comparative purposes is converted by a factor of ½ to Carbon.

Supply of Biomass: Current Biomass
We used the outputs from the GEOCARBON global
aboveground biomass at 1 km resolution to estimate the
supply of biomass to each of the four regions of the study
(https://www.bgc-jena.mpg.de/geodb/projects/Home.php;
Saatchi et al., 2011; Baccini et al., 2012). We used this data
because it is one of the most recent and finer scale global datasets
where biomass is consistently estimated across regions. Given
the coarse scale of our analysis we believe that this data product
provides sufficient resolution and an accurate figure of standing
biomass. There is a more recent pan-tropical map of above
ground biomass (Avitabile et al., 2016), that is incorporated
into the GEOCARBON map. We chose not to use directly the
product of Avitabile et al. (2016) because it does not include
Central America and Africa in its full extent. The map combines
the biomass estimates of Avitabile et al. (2016) and Santoro
et al. (2015) in ton C.ha−1. The map only covers forest areas,
i.e., areas with a dominance of tree cover as in the Global Land
Cover map of 2000 (Bartholomé and Belward, 2005). On top
of these biomass measurements, we excluded IUCN protected
areas which cover about 15% of the global terrestrial surface.
The spatial extent of global protected areas in 2016 was obtained
fromWorld Database on Protected Areas (https://www.iucn.org/
theme/protected-areas/our-work/world-database-protected-
areas). The biomass values were converted to kg C.m−2 to
compare with the modeled Net Primary Productivity (see
below).

Net above Ground Biomass Accumulation

To calculate the net increase of biomass, we used the LPJ-GUESS
model (Lund-Potsdam-Jena General Ecosystem Simulator; Smith
et al., 2001), which simulates global vegetation dynamics and
biogeochemical cycling for terrestrial ecosystems. Themodel uses
11 plant functional types (PFTs) to represent the most important
vegetation types for temperate, tropical, boreal and grassland
biomes. Our simulations focus on natural vegetation only, i.e., all
croplands and pastures are not included. Each PFT and biome
has its own specific parameterization for plant physiological
and biogeochemical processes of carbon and nitrogen (Smith
et al., 2001). The occurrence of the PFTs is predicted based on
bioclimatic limits and competition for light and soil resources.
For tree PFTs the model uses an individual based approach,
representing multiple age cohorts that can co-occur in a single
stand. Several processes, including mortality and establishment
of trees, as well as disturbances are modeled stochastically. Grid
cell mean dynamics are based on simulation for 20 replicate sub-
grid units (“patches”). The model was run on a global grid of
0.5◦ × 0.5◦ degrees (approximately 50 × 50 km at the equator)
based on climate data from the CRU TS 3.0 data set (Mitchell and
Jones, 2005). To initialize the model, we used a spin-up of 500
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years to bring vegetation and soil carbon pools approximately at
equilibrium, during which a repeated cycle of climate forcing was
used, based on the first 10 years of the input dataset.

For our analysis, we were interested in the annual increase
of wood in forests. From the simulated average annual
carbon fluxes, we used Net Primary Productivity (NPP
[kgC.m−2.year−1]), which is the net effect of Gross Primary
Productivity minus respiration losses. NPP reflects above and
below ground biomass, both for all or for selected PFTs. We
report total NPP, as well as the values of above ground biomass
for NPP total and for the tree PFT (NPPtree). NPP is the sum
of NPPwood, NPPcanopy, and NPPfine roots; Malhi et al. (2011)
estimated an average of 30% biomass allocated to NPPwood,
although the allocation of wood to fine roots is highly variable.
Thus we report onNPP by a factor of 0.3 as a representation of the
aboveground fraction of NPP. To calculate total available annual
NPPwood and NPPtree from forests under future projections, we
estimated the change in forest area. We used the global forest
projections under the different SSP scenarios for the time slices
2010, 2015, 2030, 2050, and 2100 (van Vuuren et al., 2017)
also on 0.5 × 0.5 degree resolution. The extent of land use
change and deforestation are taken into account as the different
scenarios predict different population growths and therefore
different demands for food production and land use.

RESULTS

Projected Energy Demand for Residential
Uses
Currently, about one third of residential energy use is based
on traditional bioenergy, including charcoal (see Figures 2D–F,
about 30 EJ from the 90 EJ for traditional bioenergy in 2015). The
share of traditional bioenergy in the residential sector reduces
rapidly in SSP1 (about 55% of the 2015 values of traditional
biofuels by 2020, 18% by 2030, 7% by 2050, and 2.5% by 2100;
Figure 2A), as urban populations become wealthier and policies
are introduced to provide access to modern energy consistent
with the Energy for All objectives (Table S1). In contrast, SSP3
projects a traditional energy demand relatively constant (between
78 and 100% of the 2015 values, Figure 2C), given the relatively
high population projections. The SSP2 projections are in between
these two extremes. Most of the projected energy demand from
all SSPs is to be used for cooking and only a minor fraction is
dedicated to space and water heating (Figure 2B).

Biomass Needed to Meet Projected Energy
Needs
Globally, under the most sustainable scenario, SSP1, and because
it is assumed that as urban populations become wealthier they
replace charcoal use by other fuelwood, 14.4 mi ton biomass will
be needed for charcoal plus 17.1 mi ton biomass for fuelwood
by 2100. In the worst case scenario, SSP3, we project a greater
than 10-fold demand compared to SSP1. By 2100, 205 mi tons of
biomass for charcoal plus 244mi ton of biomass for fuelwood will
be needed (Figure 3).

Currently, two regions contribute the most to the
global biomass demand, 1/3 Africa and 1/4 South America
(Figures 3C,D). In the most sustainable scenario (SSP1), African
urban populations are projected to require 5.5 mi ton biomass
for charcoal plus 1.7 mi ton for fuelwood. In the SSP1 scenario,
South America is projected to require 1.7 mi ton biomass for
charcoal plus 0.6 mi ton biomass for fuelwood. In the least
sustainable scenario, a total of 189.1 mi ton of biomass would be
required for African urban populations (145.3 mi ton of biomass
for charcoal, 43.8 mi ton of biomass for fuelwood in urban
areas) and a total of 60.6 mi ton of biomass for South America
(45.1 mi ton mi ton of biomass for charcoal plus 15.5 mi ton
mi ton of biomass for fuelwood). This is because urbanization
and population growth are projected to be the highest for Africa
(see Table S1), and South America supplies charcoal elsewhere.
Indonesia and Central America have the lowest demands (SSP1:
a total of 1.3 mi ton biomass for Central America and 3.1 mi ton
biomass for Indonesia; SSP3: 31.2 mi ton biomass for Central
America, 12.6 mi ton biomass for Indonesia; Figures 3B,C). In
general, the demand for biomass decreases over time, except for
SSP3, and in Africa and Central America. Indonesia shows the
relative sharpest decrease in biomass demand, becoming very
close to the needs from Central America (Figure 3).

Current Forest Aboveground Biomass and
Net Primary Productivity
Global estimates of forest aboveground biomass in 2015 were of
43,855.9 mi ton C, of which 25% (11,259.5 mi ton C biomass)
was in protected areas (Table 1). In 2015, each of the regions
we analyzed had aboveground biomass values that varied from
404.4 mi ton C in Central America to 13,653 mi ton C in South
America. Demands for biomass for charcoal by 2015 converted
to mi ton C show that demand values are relatively small. Most of
this demand is from Central America (3% aboveground biomass
needed not in protected areas per year) but in all the other
regions biomass equivalents for charcoal are around 0.5% per
year. The results for 2015 are problematic as these rates already
suggest a non-sustainable production system, and it is important
to acknowledge that estimated needs for biomass are modeled
rather than empirical due to the absence of systematic data
collected at the global scale.

We next looked into whether forest growth rates (via NPP)
could withstand future demands for biomass “equivalents”
(for charcoal and fuelwood). Globally, total NPP is 728.24
mi ton C.year−1, and is much higher for South America
and Africa, while it is almost one order of magnitude
lower for Central America and Indonesia (Table 2). However,
NPP available for charcoal production (wood or tree PFT)
show values about 1/3 smaller than total NPP globally.
A comparison of the remote sensing estimates for forest
above ground biomass and modeled total NPP are shown in
Table S2.

Future NPP under Land Use Change
Depending on the SSP scenario, forests are replaced by other
land uses at different rates (Figure S1) and the resulting future
NPP is mapped in Figure 4 for 6 different time slices. Figures
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FIGURE 2 | Projections of residential energy demand and the use of traditional energy: (A–C) end-uses supplied by traditional bioenergy, and (D–F) share by energy

carrier in total residential energy use (green is traditional bioenergy).

S2–S5 in the Supplementary material shows the detailed NPP
per region for the projected futures. SSP3 projects higher land
use change, in which even large parts of the Congo Basin are
changed. Under this scenario, the Central Amazon Basin remains
as forest, as this area is mostly protected (Figure 4). The detailed
maps for each region, also follow the same pattern, with greater
land use change in SSP3 and therefore 2/3 forest loss for Central
America (Figure S2), 1/5 for South America (Figure S3), 1/2 loss
in Africa (Figure S4), and 1/6 loss in Indonesia (Figure S5). 45%
of forest aboveground biomass is protected in South America,
while 34% for Central America, 21% in Indonesia, and 17.5% in
Africa.

Demand and Supply Projections
With increasing demand, forest land uses decrease resulting in
a lower supply of NPP. In Figure 5 we plotted the trends of
global demand and supply from 2020 to 2100 for the three SSP
scenarios. Globally the supply by NPP is always higher than the
demand, suggesting that charcoal production is potentially not a
large stressor on the system. However, this means that the NPP
the forest provides must be harvested in a sustainable way, that
ecosystem functioning is not hindered. At a global scale even with
the worst case scenario (SSP3) there is two times higher supply
than demand (Figure 5A; Table S3). The four regions follow the
same global trend, with supply being at least a factor 10 greater

Frontiers in Environmental Science | www.frontiersin.org 6 June 2017 | Volume 5 | Article 28

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


Santos et al. Integrated Assessment of Charcoal in Tropical Regions

FIGURE 3 | Biomass needs for urban fuelwood and charcoal demands under three SSP scenarios: (A) globally, (B) Central America, (C) South America, (D) Africa,

and (E) Indonesia. Estimates are in million ton of biomass. Charcoal means biomass “equivalents” that equal a 1:5 conversion. SSP1: green (line - fuelwood, dash -

charcoal), SSP2: blue (line - fuelwood, dash - charcoal), and SSP3: red (line - fuelwood, dash - charcoal).

than the demand. However, under SSP3 both Central America
and Africa supply and demand become closer at the end of the
century (not the log scale on the graph).

DISCUSSION

We set to assess whether there is enough forest to sustain charcoal
production at local and global scales, using a combination
of modeling and observation data. The projected population
growth and increasing number of urban dwellers will increase

the demand for charcoal, but given that this demand is a small
fraction of the total traditional fuels, current global biomass and
NPP will be able to meet this demand even under the least
sustainable scenarios both globally and for each of the focal
regions. Our results, assuming only urban uses for charcoal
show that under more sustainable scenarios (SSP1 and SSP2) the
demand for charcoal will peak around 2020, and then decrease
as other energy sources become available. In the four regions
we studied, up to 3% of forested area is needed per year to
account for the charcoal demand. In an unsustainable forest
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TABLE 1 | Demand and supply of biomass for charcoal in 2015 (mi ton C).

SSP12015 SSP22015 SSP32015 Forest

aboveground

biomass2015

Forest

aboveground

biomass2015 not

in protected areas

C. America 6.95 9.25 9.1 404.4 266.3

S. America 23.85 32.75 33.1 13,652.9 7,567.2

Africa 33.6 41.75 40.4 6,627.9 5,459.5

Indonesia 13.85 18.3 17.15 41,42.9 3,274.7

Global 84.55 109.95 106.9 43,855.9 32,596.4

Demand is for urban areas under three SSP scenarios, and supply in forest aboveground

biomass. We chose to display scenario results rather than data because there is no

systematic data collected over these regions and globally, and because we can then

compare current time with future scenario data.

harvesting regime, this means that all forest are cleared within
30 years. On the contrary at these relative low rates, NPP from
10 to 20% of each of the analyzed regions is able to produce
enough biomass, even when accounting for the projected forest
losses. We conclude that a sustainable harvesting of the forest
for charcoal production is possible as the forest produces enough
biomass to meet the demands, but it is dependent on incentives
and governance to implement such sustainable regime. The
picture, however, is varied for different tropical regions that
represent different uses of charcoal.

In Africa, charcoal is still very important as the main source
of energy (Mwampamba et al., 2013), and for this continent
our results show the lowest ability to meet urban charcoal
demands. This is likely because despite a high NPP, the rates
of deforestation in Africa are five times higher than the global
average (Bowker et al., 2017), and are mostly due to fuel wood
consumption (Bailis et al., 2015; Sulaiman et al., 2017). Further,
given the very high need for land for food production (Bowers
et al., 2017) and the external land grabbing processes that are
currently ongoing in the African continent (Johanson et al., 2016;
Zoomers et al., 2017), our results may even be underestimates.
We estimate that around 0.7% forested land is needed for
charcoal production per year. Further it is also clear that the share
of protected forested area is in Africa the smallest of the four
regions. Finally, this is the continent where projected population
growth achieves the highest values. Our results suggest that
charcoal supply to urban dwellers will be possible during the
twenty-first century, and demand and supply gap will become
smaller by the end of the century.

In Central America, charcoal use is mainly for cultural reasons
despite the dominant availability and use of other fuel sources
(Ghilardi et al., 2013). Alongside with Africa, we found that this
region will also face a closing gap between supply and demand by
the end of the century, under the least sustainable scenario. Very
worrying is that around 3% of forested land is needed for charcoal
production per year. Central America is particularly important
as charcoal use in this region is by cultural choice as there are
other energy carriers in the region that supply for energy needs.
Thus reduction of biomass pressure on low NPP forests could be
achieved through more efficient charcoal production systems or
reduced use.

South America highly productive forests may explain why
this region is the one the greatest gap between supply and
demand, even in the least sustainable scenario. For current
charcoal demand, around 0.4% of forested unprotected area is
needed. However, South America is one of the major exporters
of charcoal, and internal consumption is still relatively low in
contrast to its neighboring Central America (Hillring, 2006).

In Indonesia, like Central America, charcoal is used along
with other fuels in an even smaller fraction. This explains
why Indonesia supply is able to meet the local demand of
biomass. In contrast with the other regions, all our scenarios
project a decrease in demand for Indonesia until the end of
the century. This is likely why the gap in supply and demand
is not comparable to Central America, as Indonesia forests also
have among the lowest NPP in comparison to all other regions.
Around 0.5% of forested not protected area is needed per year.
However, Indonesia is also a large exporter of charcoal (Hillring,
2006; http://www.trademap.org), so these numbers are probably
higher. As projected land use change for oil palm and rubber
plantations are enormous, it is highly questionable if Indonesia
can have a sustainable charcoal production.

Our results suggest that the charcoal sector does not face
major supply constraints, as both globally and regionally biomass
productivity is able to meet the biomass demands even under the
least sustainable scenarios. However, there are a few caveats for
this relatively simplistic suggestion. First, our analysis focused
on the dynamics of supply-demand assuming that all supply
comes from the region where it is produced, and we know that
there is charcoal trade, and charcoal exports globally are growing
(http://www.trademap.org). Recent estimates suggest that 51%
of charcoal production comes from Africa and 35% from South
America, but not all the charcoal stays where it is produced
and major exports of charcoal occur in Indonesia, Malaysia
and China, while major imports occur in Europe, Korea and
Japan (Hillring, 2006). Including the dynamics of trade would
improve our analysis as it would allow estimating the demand
for internal and external needs, and whether trade could meet
demands from scarce regions. It would also be important to assess
whether trade could be managed to maximize forest protection,
and what are the opportunity costs of such approach. Second, we
assume an optimal regional use of forest NPP, which might be an
unrealistic assumption but a necessary assumption to assess how
NPP could provide biomass in the absence of local knowledge
on forest NPP use. To contain this assumption we estimated
a lower boundary of NPP values by applying a 1/3 multiplier
to total NPP, and an upper boundary estimate obtained from
tree PFT. We find this is a first order estimate to look into
the local capacity to provide biomass for urban dwellers in the
studied regions. Future studies can build upon our results to
test for differences in regional uses of NPP, and assess optimal
allocation strategies. A sustainable harvesting methodmeans that
biomass can only be used as long as it meets the aboveground-
NPP. This selective thinning should also be optimally placed
in space, meaning that the producing industry should have
a full rotating scheme around the whole continent, Thirdly,
we assume a conversion rate of 1:5 from wood to charcoal;
however, we know this factor varies with charcoal production
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TABLE 2 | Tree and wood NPP, and average NPP over the last century (1900–2006).

NPP (mi ton

C.year−1)

NPP in protected

areas (mi ton

C.year−1)

Average NPP1900−2006

(kg C.m−2.year−1)

NPPWood (mi ton

C.year−1)

NPPwood in

protected areas

(mi ton C.year−1)

NPPtree (mi ton

C.year−1)

NPPtree in

protected areas (mi

ton C.year−1)

C. America 1,667 314 0.58 556 94 302.1 218

S. America 15,527 406 0.73 5,176 1,218 3,182.4 2,954

Africa 15,451 2,257 0.45 5,150 681 2,651.1 1,243

Indonesia 3,639 578 1.12 1,210 173 828.3 441

Global 72,824 11,336 0.45 24,275 3,401 12,573 7,079

FIGURE 4 | Global future mean Net Primary Productivity under the three SSP scenarios for 2020, 2030, 2050, 2075, and 2100: (A–E) SSP1, (F–J) SSP2, and (K–O)

SSP3. See Figures S3–S6 for regional maps for Central America, South America, Africa, and Indonesia. Values displayed are NPP.

technique. A range of 3 to 12 kg of biomass is required to
produce 1 kg of charcoal. This suggests that changing production
techniques both globally and regionally could be a way forward
to make the charcoal sector even more attractive to meet urban
residential energy needs. Finally, charcoal is a relatively small

fraction of the global and regional energy needs. At least an
equal amount of biomass is needed for traditional fuels like
fuelwood. Further, other energy carriers may require biomass as
primary material or secondary to produce heat to operate the
energy production facilities. This means that additional stressors
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FIGURE 5 | Projected demand and supply of biomass for charcoal (mi ton C) under SSP scenarios for 2020, 2030, 2050, 2075, and 2100. Gray lines are demand

and black lines are supply. Full line for SSP3, dashed line for SSP2 and dotted line for SSP1. Globally the supply is always higher than the demand, suggesting that

charcoal production is not a large stressor on the system. However, regionally it can be observed that the demand approximates the supply in the case of Central

America and Africa under the most unsustainable scenario. (A) Globally, (B) Central America, (C) South America, (D) Africa, and (E) Indonesia.

on local biomass are present and not accounted for in our
analysis.

The future of the charcoal sector is not dire. Wood and
Baldwin (1985) estimated that for developing countries about
1 kg of biomass per day gets consumed for every man, woman
and child, and this fuel correspond to as much as 95% of
the domestic energy. This biomass can be used for either
traditional biofuel or charcoal, and the choice of charcoal
over fuelwood is a function of supply, transportation, storage,
price and convenience (Zulu and Richardson, 2013). Charcoal

represents a small fraction of the energy needs, but its
biomass demands are disproportionate and in some regions
the gap between supply and demand is closing under the
least sustainable scenario. We use a novel combination of
empirical data, modeling and scenarios to suggest that charcoal
for urban dwellers projected demand is not expected to add
significant extra pressures on forests, as long as other energy
carriers are made more renewable and sustainable, as our
models assume a movement away from charcoal due to gross
domestic product growth and improved access to modern
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energy. However, charcoal production can also be made more
sustainable. Here we analyzed whether there was sufficient
standing biomass and sufficient biomass growth in terms of
NPP, but further research is suggested on how meeting charcoal
supply might affect other sectors like water, food and biodiversity
(Johanson et al., 2016). Our results already suggest a need
to cut down massive amounts of forest, under an optimized
use of forest NPP. However, it is possible to implement a
wood extraction strategy that only requires extracting larger
trees, or at larger time intervals (as depicted in Figure 1).
Burning of charcoal and associated deforestation amounts to 71.2
mi tCO2 and 1.3 mi tCH4 being released to the atmosphere
(Chidumayo and Gumbo, 2013). Air pollution by atmospheric
particulate matter production from wood is two times larger
than that from charcoal, and both are still much higher
than electricity (PM10,wood = 1,200 µg/m3; PM10,charcoal =

540µg/m3; PM10,electricity = 200–380µg/m3; Torres-Duque et al.,
2008). Wood combustion also releases twice as many polycyclic
aromatic hydrocarbons as charcoal, highly toxic environmental
compounds and carcinogenic molecules (Oanh et al., 1999).
However, with cleaner production systems and changing
production methods, higher efficiency might be achievable with
reduced emissions and improved air quality. Deforestation rates
are responsible for major biodiversity losses (Ahrends et al.,
2012). It would be important, however, to determine which
woody species are most suited for charcoal production, and

target extraction toward those or complement biomass needs
with directed intensive plantations. The identified research needs
can provide important information to better integrate between
global models and local conditions to fully understand whether
local sustainable optimal pathways in the charcoal nexus can be
achieved.
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