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Nearly 900 million people in Sub-Saharan Africa rely on traditional biomass for cooking, with negative
impacts on health, biodiversity and the climate. In this study, we use the IMAGE modellingframework to
construct two sets of scenarios for promoting clean cooking solutions. In the first set, specific policy
options to promote clean cooking are evaluated, while in the second the SDG target to achieve universal
access to modern cooking energy by 2030 is imposed. The study adds knowledge to understanding the
impact of individual policy options on access to clean cooking solutions, and provides insight into
synergies and trade-offs of achieving the SDG targets on human health, biodiversity and climate change.
The results show that, in the absence of coordinated actions, enabling policies and scaled-up finance, the
number of people in Sub-Saharan Africa relying on traditional biomass cookstoves could amount to 660
—820 million by 2030. Subsidies on specific clean cooking technologies or fuels could increase their use
substantially, but could hinder the uptake of alternative clean cooking fuels or technologies. Meeting the
SDG target has considerable social, environmental and economic benefits, and could even lead to lower
total fuel expenditures. However, investments in cookstoves need to be quadrupled relative to baseline.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Nearly 900 million people in Sub-Saharan Africa (SSA) rely on
traditional biomass (wood, charcoal, dung, or agricultural residues)
for cooking [1]. This has major health consequences, as inefficient
and incomplete combustion of traditional biomass is associated
with high levels of hazardous air pollutants, including carbon
monoxide and fine particulate matter [2]. The evidence links
household air pollution (HAP) from cooking with solid fuels to over
390 thousand premature deaths in SSA in 2017, 35% of the deaths
occurring amongst children under 5 years of age [3].

The use of fuelwood and charcoal also exerts a large pressure on
local and regional environments, including deforestation, forest
degradation and destruction [4,5], and soil degradation and erosion
[6]. In addition, residential biomass burning contributes to climate
change through black carbon emissions [7] and, when the biomass
used is harvested unsustainably, through net CO, emissions [8].
Shifting to clean cooking fuels and technologies therefore has both
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social and environmental benefits, which is internationally recog-
nized through Sustainable Development Goal (SDG) target 7.1
(achieving universal access to affordable, reliable, and modern
energy services).

Long-term targets require decision-making that considers
plausible future outcomes and their potential implications. Model-
based scenarios can be used for this, informing policymakers how a
transition to clean cooking solutions could take place. Some studies
have already explored scenarios for clean cooking access in various
regions. Pachauri, van Ruijven [9] assess investments requirements
and impacts of achieving universal access to clean-combusting
cooking fuels and stoves by 2030 using two alternative modelling
frameworks. Cameron, Pachauri [10] quantified the costs of sup-
porting policies to make universal access to clean cooking afford-
able in South Asia. Fuso Nerini, Ray [11] compare various cooking
solutions on the basis of ‘levelized cost of cooking a meal’ in Nyeri
County, Kenya. Pachauri, Rao [12] use a model to simulate future
pathways of clean cooking uptake and the outlook for achieving
SDG 7.1 in Guatemala, Honduras and Nicaragua. Although these
studies looked at access to clean cooking in various scales and
contexts, the possible development routes for clean cooking in SSA,
one of the regions where the use of traditional fuels is prevalent,
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have not been sufficiently explored. This study addresses that gap
by exploring several policy options and pathways towards universal
access to clean cooking solutions in SSA, and analyses the conse-
quences of these options and pathways for cookstove and fuel costs,
health, wood demand, and emissions. In addition to providing
long- and short-term policy insights, the study contributes to
existing academic literature by assessing the synergies and trade-
offs between various SDGs in the context of universal energy ac-
cess in SSA.

In this paper, we present two sets of scenarios for promoting
cooking solutions in SSA. In the first set, specific policy measures
are introduced to analyse the effectiveness and consequences of
these policies. In a second set, the scenarios are set up in such a way
that access to clean cooking solutions for all households in SSA is
achieved by 2030 using a back-casting method. This set of scenarios
provides insight into the requirements and consequences of
achieving certain predefined targets for clean cooking. The sce-
narios are developed using the IMAGE integrated assessment
model framework [13]. More specifically, extended versions of the
residential sector end-use models REMI [14] and REMG [15] within
the IMAGE framework are used. The scenarios consider historic
developments and the availability of fuels and infrastructure, and
show required expenditures in both capital (i.e. cookstoves) and
fuels, impacts on child health, wood demand, and greenhouse gas
emissions. The main objective of this scenario analysis is to provide
insight in to the role of different cooking technologies, the invest-
ment needs and the fuel cost in achieving universal access to clean
cooking in SSA, as well as to assess the consequences of different
scenarios for biodiversity, health, and the climate.

The paper is organised as follows. Section 2 provides the
methodology, including the main assumptions on costs of and
emissions from fuels & technologies included in the study and the
scenario descriptions, followed by section 3 that presents the re-
sults. Section 4 contains the discussion and section 5 concludes
with policy recommendations.

2. Methodology

Our study relies on the integrated assessment model IMAGE [13]
and its sub-models to provide an integrated and systemic view on
modern cooking solutions. This section discusses the current situ-
ation, the different modules used in our analysis, the most relevant
technology costs and socioeconomic assumptions, and presents a
description of the scenarios.

2.1. Current use of cooking fuel in SSA

In Sub-Saharan Africa nearly 900 million people relied on solid
biomass as their primary cooking energy source in 2016 (Fig. 1).
Nearly a quarter of that was charcoal, the rest being firewood (73%),
dung (2%) or crop residue (1%), mainly used in inefficient stoves or
traditional three-stone fires. This is a decline of a meagre 3%-points
since 2000 [16]. The use of traditional biomass is particularly
dominant in poor rural settlements because of either its low cost,
sometimes collected for free [17], the lack of available alternatives
[18], or cultural factors (e.g. preferences and taste) [19]. After
biomass, kerosene is the second most prevalent fuel used for
cooking in SSA, particularly in urban areas. In 2016, 12% of the urban
and 4% of rural households in SSA used kerosene as the main
cooking fuel. In the same year, LPG was the primary cooking fuel for
10% of SSA urban households. LPG and natural gas are barely used in
rural areas, mainly due to lack of distribution systems [20] and the
relatively high and fluctuating price of the fuel in combination with
very low-income levels [21]. Finally, electricity, the cleanest cook-
ing solution with respect to HAP, is primarily used in Southern

Africa.

There are similarities and considerable differences between the
sub-regions (Fig. 1). The share of traditional biomass cookstove use
is similar between western & central Africa and eastern Africa, and
slightly lower in the rest of southern Africa. Kerosene has a rela-
tively large share in western & central Africa and the Republic of
South Africa, improved cookstoves are more prevalent in eastern
Africa, and electricity is used often in southern Africa. The share of
LPG is the largest in the rest of southern Africa.

2.2. Model description

For the scenarios analyses the IMAGE 3.0 integrated assessment
modelling framework [13] is used, which includes the TIMER
energy-system simulation model [24], IMAGE-LandManagement
[25] and the GISMO health model [26,27]. The IMAGE framework
is a suite of simulation models that together represent interactions
between society, the biosphere and the climate system to assess
sustainability issues such as climate change, biodiversity loss and
human well-being. The model includes a detailed description of the
energy and land-use system and simulates socio-economic and
environmental parameters on a geographical grid of 30 by 30 min
or 5 by 5min (around 50 km and 10 kmat the equator, respec-
tively), depending on the specific variable. The IMAGE 3.0 model-
ling framework has been used in similar studies in the past and the
results are published in peer reviewed articles [15,25,28—31].

The TIMER model describes demand and supply of key energy
carriers for 26 world regions [24]. Important issues that can be
addressed with the model include transitions to modern and sus-
tainable energy supplies, energy access, future demand projections,
the role of the energy conversion sector and various energy tech-
nologies in achieving a more sustainable energy system, and
computing emissions of greenhouse gases related to energy
conversion.

The mix of cooking fuels and technologies is determined with
REMG, which is part of the TIMER model [15]. REMG is a stylized
bottom-up simulation module, which describes energy demand for
cooking (and other residential end-use functions such as water
heating, space heating, space cooling and appliance use) [15]
(Fig. 2). The model describes household energy demand and the
fuel mix for five income classes, for both rural and urban house-
holds. Cooking energy demand is primarily driven by population
size and household income (Fig. 2). The cooking fuel and technol-
ogy options include: mineral coal, traditional biomass (in combi-
nation with traditional and improved cookstoves), modern biomass
(in combination with advanced cookstoves), kerosene, LPG, biogas,
natural gas and electricity. The model uses a capital vintage model
for the stock of stoves. Shares of different stoves in the cooking
energy mix are the result from additional purchases and depreci-
ation after the technical lifetime. The cooking technology mix
serves as input to the other modules to determine the capital cost,
the fuel expenditure, the health impact and the environmental
impact.

The capital costs and annual fuel expenditure are determined
based on the market shares of the different cooking technologies
and their efficiencies. Market shares of purchases are determined
using perceived costs of different cooking technologies with a
multinomial logit allocation. It thereby assigns the largest market
share to the cheapest energy technologies, while technologies that
have higher costs get lower shares, considering heterogeneous local
characteristics where relevant. The perceived costs include mone-
tary and non-monetary costs. The monetary costs are the sum of
the capital costs and the operating (fuel and maintenance) costs.
The annualized capital costs are determined by the cost of the
cooking technology and accessories and consumer discount rates.
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Fig. 1. Regional cooking energy mix in 2016 in SSA [22,23].

The discount rates are higher for low-income households and
decrease with income. The non-monetary costs represent the fact
that fuel choice is not only the product of economic factors alone;
especially in poorer households where cultural aspects, lack of
awareness on advantages of cleaner fuels, and the opportunity cost
of traditional biomass play important roles. It is assumed that the
non-monetary costs for traditional fuels (i.e. biomass, kerosene)
increase with income. More details on REMG are presented in
section 1 of the supplementary information (SI).

GISMO is used to determine the health impacts of the cooking
energy mix in the different scenarios. The health model describes
the causal chain between health-risk factors, morbidity and mor-
tality, based on a multi-state approach, distinguishing risk expo-
sure, disease incidence and death [26,27]. The GISMO model is used
to assess future developments in child mortality attributable to
HAP, focussing on acute lower respiratory infections (ALRI). The
model is updated to total ALRI incidence and mortality data and
technology specific of the Global Burden of Disease study 2017 [3].
Exposure specific Relative Risk (RR)! are used to relate the use of
specific cooking technologies to increased risk of ALRI incidence
and death [3] (see Table 1). Important inputs for these calculations
are the household cooking energy mix from REMG, age-specific
population projections and per capita GDP projections.

IMAGE-LandManagement model [25] is used to determine po-
tential biomass supply. The demand for fuelwood relative to the
potential supply from natural regrowth is an indicator for the risk of
additional deforestation. The total wood supply (ton dry matter/
year) is determined based on the potential growth of stems and
branches in natural vegetation, excluding projected natural area,
cropland, grazing land or built-up areas. Demand for wood is
calculated based on the cooking energy mix for the different

1 RR ratios indicate the increased risk of illness or mortality while exposed to a
certain risk factor, as compared to a situation with no increased risks (i.e. no
household air pollution, RR =1).

scenarios, a wood-to-charcoal conversion efficiency of 20%, a wood-
to-firewood conversion efficiency of 100%, and the energy content
of energy carriers as given in Table 2.

2.3. Technology and cost assumptions

Here we summarize most important assumptions on technology
performances and cost. These assumptions are based on previous
studies. A detailed description of the assumptions and their
respective sources can be found in section 2 of the SI. The most
important assumptions in the REMG model are the useful energy
demand for cooking, and current and future costs of fuels and
cookstoves, which together with household per capita income
levels, determine the choice for cooking technologies in the model.

The amount of useful energy needed for cooking is an important
assumption for determining the technology choice, which in turn,
determines associated capital investments and fuel expenditures.
The amount of energy that a household requires for cooking has
been the subject of numerous studies. However, large difference are
found in the estimates, ranging from 0.36 MJ/capita/meal [32] to 6
M]/capita/meal [33]. Daioglou, van Ruijven [15] found no statisti-
cally significant relationship between energy for cooking and in-
come or geographical region. Hence, a constant value of 3 MJ/
capita/day (the literature mean) of useful energy for all households
and regions is used. To address this uncertainty, we have presented
the impact of useful energy demand on the cooking energy mix in
SSA in section 5 of the SI (from which it can be concluded that the
shares of cooking technologies and fuels are not sensitive to the
level of useful energy needed).

Table 1 presents assumed current and future average capital cost
(stove and accessory costs) and the annual average operating cost
(fuel and maintenance costs) of the cooking fuel and technology
combinations included in the model. These costs can differ per
region and settlement. The values provided in the table are aver-
ages across the whole of Sub-Saharan Africa.

Other important assumptions include the conversion
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Fig. 2. Cooking fuel and technology choice drivers in REMG and interaction with other sub-models (adapted from Daioglou et al., 2012).

Table 1
Assumptions on Conversion efficiencies [34,35], health effects [35], and average costs [36—38].
Fuel Cookstove technology Conversion 24-h PM2.5 Capital cost (USD) Average annual
efficiency (%) concentrations (ug/ operating cost
m?) (USD)?
2015 2030 2015 2030 2015 2030 2015 2030
Traditional biomass Traditional cookstove 12 14° 500 500 0.5 0.5 91 69
Improved cookstove 30 33 200 150 25 20 35 28
Modern biomass Advanced cookstove 40 47 75 60 65 51 108 84
Mineral Coal Improved coal cookstove 25 25 200 150 25 25 62 72
Kerosene Kerosene stove 35 44 50 40 20 20 271 223
LPG Single burner 50 58 20 10 55 39 159 139
Natural gas Gas stove 50 57 0 0 55 39 103 82
Biogas Gas stove & digester 40 50 0 0 550 430 9 8
Electricity Electric/induction 75 86 0 0 70 55 246 198

2 Data includes interpolations.

b The scenarios have been discussed at the clean cooking forum 2017 in Delhi, at SNV during a cooking experts meeting, and a Dutch SPARK meeting in The Hague.
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Table 2
Energy content and emission factors of cooking fuels [40,41].

Fuel Energy content  CO,e emission factor
Mineral Coal 46 M]/kg 238 kg/GJ

Firewood, air dried (15% moisture) 16 MJ/kg 217 kg/GJ

Charcoal 30 MJ/kg 218 kg/GJ

Kerosene 43 M]/kg 126 kg/G]J

Liquefied Petroleum Gas (LPG) 45.5 MJ/kg 67 kg/GJ

Natural gas 38 MJ/m> 56 kg/GJ

Bio-gas 22.8 MJ/m? 4kg/GJ

Electricity 3.6MJ/kWh 70—250 kg/GWh?

efficiencies of the fuels and technology related to PM; 5 concen-
trations (see Table 1). The conversion efficiencies determine sec-
ondary energy demand (e.g. amount of wood for traditional
biomass), and thereby the operating cost as well as potential
environmental consequences. Technology related 24-h PM; 5 con-
centration determine exposure to HAP and are used to calculate
related child mortality due to ALRI. For the conversion efficiencies,
average field values are used for 2015, which improve linearly to
maximum laboratory levels in 2050 as given in table 6 of [34] and
Fig. 11.2 of [35]. For average PM,s5 concentrations, the average
values reported in Fig. 11 of [35] is used in 2015, linearly declining
to the lowest value in 2050.

Finally, the GHG emissions from mineral coal, biomass, kero-
sene, LPG, and natural gas are calculated based on the emission
factor given in Table 2 and the total energy input required to pro-
duce the desired amount of useful energy. For electricity, the GHG
emissions are calculated based on the required secondary energy
input and the regional baseline projections of emissions from
electricity production (that includes efficiency and transmission
losses). For biomass cookstoves, it is assumed that the net CO,
emissions at the point of combustion of fuelwood is zero if it is
sustainably harvested. Based on the estimates from Ref. [39], we
assume that a third of the fuelwood is harvested unsustainable and
hence adds CO, emissions to the atmosphere. In this study, we
consider the most important GHG emissions that include CO;, CHg,
N0, black carbon (BC) and organic carbon (OC).

2.4. Scenario descriptions

The scenarios have been designed based on iterative discussions
with relevant stakeholders that include governments, practitioners,
aid organizations and the private sector.” Two sets of scenarios are
assessed: policy scenarios and target scenarios (Table 3).

The policy scenarios have been designed to assess the effect of
specific policy interventions that stimulate the adoption of cleaner
cooking fuels/technologies. Specifically, the following policies are
assessed: a biomass cookstove capital subsidy, a biogas digester
capital subsidy, and a modern fuel (LPG and natural gas) distribu-
tions system subsidy.

The target scenarios are designed to show different pathways to
achieve the SDG target of universal access to clean and modern
cooking energy in SSA. These scenarios arise from the need for
radical measures to meet the SDG7 target of achieving universal
access to clean and modern energy. We consider low-emission
biomass cookstove, such as improved and advanced biomass
cookstoves, transitional technologies that are beneficial to health
and the environment. As such, we examined two overall pathways:
a complete phase out of traditional biomass cookstoves by 2030 (No

2 Traditional biomass cookstove includes various self-made cookstoves ranging
from three-stone fire to basic mud stoves, and we assume that the use of three-
stone fire declines in the future.

traditional cookstoves) and a complete phase-out of solid biomass
(Modern fuel) by 2030. Additionally, for the latter pathway we have
developed a scenario in which we assumed a change in cooking
behaviour (a switch to pre-cooked food or low energy intensive
diet) for all households that cook on electricity — leading to a 50%
reduction in final energy use (Electric cooking).

All scenarios are based on the SSP2 socio-economic pathway
that assumes medium projections for population growth, urbani-
zation and economic development. In 2030, SSA population is
projected to grow to more than 1.3 billion [42], average GDP per
capita to more than USD 3700 [43], and urbanization to nearly 50%
[44]. The sensitivity of socio-economic drivers on baseline de-
velopments is analysed in section 5 of the SI.

3. Results

This section provides the results for policy scenarios and target
scenarios relative to the SSP2 baseline results. The scenarios are
discussed in terms of future developments in the use of cooking
fuels and technologies, related fuel and capital cost of stoves and
accessories, and their implications on child mortality, the risk of
forest degradation and deforestation, and GHG emissions. The re-
sults presented in this paper focus on 2030, the target year for the
SDGs. However, for the policy scenarios, we found that the progress
after 2030 is interesting as well. Projections to 2050 are therefore
presented in section 4 of the SI.

3.1. Cooking fuels and technologies

The baseline projection shows a moderate switch away from
traditional cookstoves by 2030.The share of the population relying
on traditional biomass cookstoves declines from 70% in 2016 to 55%
in 2030 (in absolute numbers increasing from 700 to 730 million
people) under the baseline. This scenario leaves over a billion
people without access to modern cooking solutions (i.e. biogas,
LPG, natural gas and electricity).

The policy scenarios lead to lower shares of traditional biomass
use but none of them lead to achieving the SDG target. In the
Enhanced fuel distribution and Cookstove subsidy scenarios, about
150 million less people cook with traditional biomass cookstoves
by 2030 relative to baseline (see Fig. 3), leaving 580 million people
relying on traditional biomass cookstoves. The effect of a biogas
digester subsidy on traditional cookstoves use is minimal by 2030,
the results show that the increase of biogas use is relatively small in
the short term (as the investment requirement remains large even
with the subsidy) and that it mainly replaces LPG and improved and
advanced cookstoves.

Under the baseline scenario, 20% of the population cooks with
modern fuels by 2030. The Enhanced fuel distribution scenario
shows a higher share of modern fuels, with 30% of the population
cooking on LPG or natural gas. As expected, the share of modern
fuels in the Cookstove subsidy does not differ much from baseline,
but the use of improved and advanced cookstoves is about twice as
high as in the baseline. The shares of kerosene and electricity do not
differ significantly between the baseline and policy scenarios.

After 2030, traditional biomass cookstoves use declines, mainly
replaced by improved biomass cookstoves and LPG (see section 4 of
the SI). This rapid decrease can be attributed to i) efficiency im-
provements of modern fuel-based technologies and improved and
advanced cookstoves, ii) urbanization, and iii) the increase in
household income. The impact of biogas subsidies also become
considerable as household income increases and the price of di-
gesters declines. The specific policies to promote clean cooking will
accelerate the trend.

The target scenarios imply a strong deviation from the baseline,
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Table 3
Names and descriptions of the scenarios for Sub-Saharan Africa.

Scenario set Scenario name Short description

Reference scenario without specific policies to stimulate clean cooking under SSP2 socio-economic projections.

A 50% subsidy on the retail prices of improved and advanced cookstoves, but no subsidy on fuel.

A fraction of LPG and (liquid) natural gas required for cooking is provided by infrastructure support or subsidy (40% in urban areas and
100% in rural areas), leading to lower gaseous fuel prices for the final consumer (by on average 20—30% for LPG and by 30—50% for

Baseline Baseline
scenario
Policy Cookstove subsidy
scenarios Biogas digester A 50% subsidy on the retail price of biogas digesters.
subsidy
Enhanced fuel
distribution
natural gas).
Target No traditional

scenarios cookstoves
Modern fuel
Electric cooking

A complete phase out of solid biomass in combination with traditional cookstoves and kerosene cookstoves by 2030.

A complete phase out of solid biomass, kerosene and mineral coal by 2030.
A complete phase out of solid biomass, kerosene and mineral coal by 2030 and households cooking on electricity will use 50% less

energy due to changes in cooking behaviours. LPG, natural gas and biogas will remain as cooking options.

Note: extended description of the scenarios can be found in section 3 of the SI.

as more than half the population in SSA needs to transition to
modern fuels. In the No traditional cookstoves scenario, more than
half the population cook on biomass (either on improved or
advanced cookstoves) and around a quarter use LPG in 2030, the
rest covered with biogas, natural gas and electricity. In the Modern
fuel scenario, an even more rapid transition is required. By 2030,
liquid and gaseous fuels are used by 75% of the population. Biogas
and electricity provide the rest of the population with clean cook-
ing energy. If behavioural change for those households cooking on
electricity is assumed (leading to a 50% lower energy demand as
they switch to per-cooked food or less energy intensive diet), the
results change considerably: the share of electricity in the cooking
energy mix is projected to increase to more than 55% by 2030, as
shown under the electric cooking scenario. This is due to the low
annual energy demand and hence low fuel expenditure for elec-
tricity. The energy saving gained from cooking behaviour change is
in addition to the autonomous efficiency improvement shown in
Table 1.

3.2. Capital cost and fuel expenditure

The annual fuel expenditure for cooking outweigh the annual
capital cost by far, both in the baseline and in the policy and target
scenarios (Fig. 4). In 2016, total annual fuel expenditure in SSA was
about USD 23 billion, equalling USD 112 per household. Traditional
biomass dominated the fuel expenditures with USD 14 billion
(assuming average cost of USD 0.03 per kilogram for charcoal and
firewood), followed by kerosene and electricity. In the baseline
scenario, by 2030, total annual fuel cost is projected to increase to
around USD 30 billion, equalling USD 100 per household. Most of
the policy scenarios show similar total fuel expenditures as baseline
by 2030, which is a direct consequence of small changes in fuel mix
(see Fig. 3). The only major difference is found in the Enhanced fuel
distribution scenario, which shows a much higher expenditure in
gaseous fuels, displacing biomass, kerosene, and also electricity.
However, in this scenario, governments or other stakeholders
facilitating access to modern fuel bear 10% of the fuel cost. The
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target scenarios show larger differences. Phasing out traditional
cookstoves and kerosene leads to much lower average annual fuel
cost, as more efficient biomass cookstoves are used and kerosene is
expensive. However, if all biomass use is phased out (as in the
modern fuel scenario), total fuel cost is projected to increase, as the
cheap biomass used in improved cookstoves is being replaced by
more expensive gaseous fuels and electricity. The electricity sce-
nario shows lower annual fuel expenditure than most of the sce-
narios because of the lower energy use of the households cooking
on electricity.

The total annual capital cost in the baseline scenario is 600
million USD in the period 2016—2030, equalling 2 USD per
household. In the Cookstove subsidy scenario, the capital cost is
projected to be only slightly higher than in the baseline. This is
because traditional cookstoves are mostly replaced by improved
cookstoves (see Fig. 3), which are still relatively cheap compared to
the modern cookstoves. The Biogas digester subsidy scenario does
lead to much higher capital cost than in the baseline, because of the
relatively high capital cost of biogas digesters. In the period
2016—2030, about a third of total capital cost consist of purchases
of biogas digesters, even though the share of biogas in the energy
mix is very small. The Enhanced fuel distribution scenario projects a
small increase in capital cost compared to the baseline, mainly
because the relatively expensive biogas digesters are replaced by
LPG and natural gas. The target scenarios show considerably higher
capital cost than the baseline in 2030, although in absolute terms
the numbers remain low. In the No traditional cookstoves scenario,
the capital cost is almost three times as high as in the baseline (1.6
billion annually) in the period 2016—2030. In the Modern fuel sce-
narios, the capital cost is four times as high as in the baseline in the
same period. The capital expenditure under electric cooking sce-
nario is similar to the modern fuel scenario as electric cookstoves
replace both the expensive biogas digesters and the relatively

cheaper options of LPG and natural gas cookstoves.

By 2030, no traditional biomass cookstoves scenario shows the
lowest total cost, followed by the Electric cooking, Cookstove subsidy
and Biogas digester subsidy scenarios. All these scenarios show
lower annual cost for cooking than in the baseline. The Modern fuel
scenario shows higher cost, especially due to relative high costs for
gaseous fuels and electricity. The Enhanced fuel distribution scenario
has the highest total cost of the three policy scenarios. This is due a
very high share of gaseous fuels in this scenario, replacing cheaper
options as a consequence of the fuel distribution enhancement. As a
significant share of the cost will be paid for by public money in
setting up the distribution network, the cost for the households are
in fact the lowest of all policy scenarios. This implies that a large
sum of public money is needed to enhance fuel distribution (about
USD 3 billion by 2030). The capital expenditure in the period
2030—2050 in baseline and policy scenarios is four times the in-
vestment in the previous period driven by a rapid growing popu-
lation and switches to LPG, natural gas and biogas cookstoves. More
detail on projections after 2030 is presented in section 4 of the SI.

3.3. Health impacts - child mortality

In 2010 in Sub-Saharan Africa, HAP was estimated to be
responsible for more than 40% of total ALRI deaths in children
under 5 [3]. In the baseline scenario, attributable child mortality
reduces from around 225 thousand in 2016 to 135 thousand in 2030
(see Fig. 5). The policy scenarios only show modest improvements
in child mortality by 2030, as the share of biomass use on tradi-
tional stoves remains high. Furthermore, the reduction in the
relative risk when switching from a traditional cookstove to an
improved cookstove is only small, even though the concentration
levels decrease substantially. Only the Enhanced fuel distribution
scenario shows significant improvements (around 20% relative to
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baseline), as biomass, mostly used in combination with a traditional
stove, is partly replaced by LPG and natural gas with 90—99% less
PM, 5 emissions compared to open wood fires.

The three target scenarios show much higher impacts on child
mortality. Currently, improved biomass stoves are in the range of
Tier 0—2 emission standards and advanced biomass stoves in Tier
2—3. Only well-performing fan gasifiers and, to a lesser extent,
natural-draft gasifier stoves approach the emission levels of LPG
[35]. When phasing out the use of traditional biomass stoves,
attributable mortality is reduced by around 50% by 2030, compared
to baseline levels. Also phasing-out biomass use in combination
with improved and advanced cookstoves reduces attributable child
mortality with 95—99%, with a higher emphasis on HAP-free elec-
tric cooking further reducing attributable child mortality.

3.4. Risk of deforestation

In 2016, the fuelwood demand in SSA was 498 million tons (203
million tons for charcoal and 295 million tons for firewood). In the
baseline, the total demand for wood remains relatively constant in
the short term (485 million tons, see Fig. 6) and declines to 200
million tons by mid-century driven by a shift away from biomass
and efficiency improvements due to i) shifts towards more efficient
cookstoves and fuels, and ii) efficiency improvements of stoves
themselves (see Fig. 2 in SI). The policy scenarios show a slight
decrease in fuelwood demand by 2030, especially the Enhanced fuel
distribution and Cookstove subsidy scenarios, which show a 12 and
17% decrease in fuelwood demand compared to baseline,
respectively.

The target scenarios show a much higher impact on fuelwood
demand. Phasing out traditional cookstoves implies that fuelwood
demand (148 million tons) could be 70% less than the projected
demand in the baseline by 2030. This is despite the still strong
dependence on biomass in the baseline by 2030, as the shift from
traditional to the more efficient improved and advanced cookstoves
already leads to a much lower demand for wood.

Natural biomass production is estimated at 1340 million tons in
2015 and 1100 million tons in 2030. This is much higher than the
projected demand in all scenarios (Fig. 7) and thus does not
necessarily has to lead to increased deforestation. These findings
are in line with those of Santos, Dekker [45], who concluded that
the cumulative global supply of net primary production remains
higher than the global demand for biomass. We have taken a more
conservative approach, by taking into consideration only the po-
tential growth of stems and branches in natural vegetation, instead
of all net primary production. We still found that for Sub-Saharan
Africa as a whole, total potential supply is much larger than the
projected demand for wood. However, this conclusion only holds
under the assumption that biomass is sustainably harvested —
which implies that the harvesting method is more important for
reducing deforestation than the absolute demand for fuelwood.
Moreover, on a more local level wood demand may be higher than
supply. This is shown by Fig. 7. The potential supply of biomass is
concentrated in the Congo Basin, the south-western part of West
Africa, south-west Ethiopia and parts of Madagascar, while demand
for fuelwood demand is highly concentrated in high population
density settlements in eastern and western Africa (Fig. 7). Burundi,
Rwanda, and large parts of Uganda and Nigeria face high local
deficits due to their low-standing biomass. Similarly, Kenya,
Ethiopia, Malawi, Burkina Faso and Ghana also show some local
deficit areas. In these parts, the No traditional cookstove scenario
leads to much lower local deficits than the other scenarios where
biomass is used.

3.5. GHG emissions

The displacement of traditional cookstoves with more efficient
biomass or modern-fuel cookstoves can reduce cooking-related
GHG emissions considerably. In 2016, total GHG emissions from
cooking in SSA amounted to 600 Mt COye (Fig. 8), which is almost
equal to total CO; emissions of Canada. By far the largest share
(75%) came from the burning of solid biomass in traditional cook-
stoves. In the baseline, GHG emissions are projected to decline
slightly towards 540 Mt COe in 2030 due to efficiency improve-
ments in cleaner biomass and modern fuel cookstoves (despite a
35% increase in cooking energy demand). The policy scenarios
Enhanced fuel distribution and Cookstove subsidy result in a 7% and
14% emission reduction by 2030 relative to Baseline, respectively as
inefficient traditional cookstoves are replaced by either more effi-
cient gas stoves or by more efficient biomass stoves. The Biogas
digester subsidy scenario does not lead to significant net changes in
GHG emissions by 2030, as the subsidy mainly affects cooking
technologies in the long term. The emissions from biomass burning
are based on the assumption that a third of the biomass is non-
renewable [39]. Some studies provide higher estimates to how
much of the biomass is unsustainably harvested [46,47] which
would imply an even higher effect of switching to modern fuels on
greenhouse gas emissions. The target scenarios show a strong effect
on emissions already in the short term, as the inefficient traditional
cookstoves are completely phased out by 2030. The reductions
compared to baseline in the target scenarios range from 42% in the
No traditional cookstove scenario to 64% in the Modern fuel and
Electric cooking scenarios. As shown in a previous study by Dag-
nachew, Lucas [48], the emissions from household electricity use
could decline further if electricity is produced from low-carbon
energy sources.

4. Discussion

There are a number of caveats in our analysis. First of all, our
results are based on historical relationships between various
drivers and cooking fuel and technology choice. Several studies
show that monetary value of fuel [49], household income [18] and
infrastructure [50] indeed play an important role in the choice of
cooking technology. However, these relationships might change
over time.

Second, our model does not include all factors that influence
technology choice. Factors like household-head gender [51],
household-head age [52], cultural preferences [53], education [54]
and technical aspects of the cookstoves [19,55,56] also play roles in
cooking fuel and technology choices. Our model does not explicitly
address the role of these determinants.

Third, cooking fuel choice is not a binary process. Our analysis is
based on the households' choice for a primary fuel for cooking.
However, empirical studies [57] show that households do not
wholly abandon one fuel in favour of another, but rather modern
fuels are slowly integrated into energy-use patterns, resulting in a
mix of traditional and modern cooking fuels; a phenomenon
referred to as ‘fuel-stacking’. Due to data limitations and the
resulting complexity of the model, we do not capture this phe-
nomenon in our model.

Fourth, availability of data is limited. The results of the analysis
are driven by the underlying data, which is collected from several
sources that often use various methodologies and inconsistent
definition of variables. Besides, the purchase costs, fuel prices, and
stove performance could differ locally and could have potential
implications on fuel switching.

Finally, long-term projections are surrounded by many un-
certainties, amongst others by socio-economic drivers like
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population growth, urbanization and economic development. In
this study, we focussed on a specific set of assumptions regarding
population, income, lifestyle and fuel prices. Obviously, these fac-
tors are inherently uncertain. The SSP scenarios cover a wider set of
assumptions than only SSP2. To explore the impact of these un-
certainties we show the results for the cooking energy mix for SSP1,
SSP2 and SSP3 in section 5 of the SI. The sensitivity analysis shows
that in the short term, the results are not sensitive to socioeco-
nomic assumptions and energy demand, but in the long term
(2050), they are. However, the total biomass demand varies from
450 to 520 million tons and emissions from 380 to 430 MtCO,eq
depending on the chosen SSP. Additionally, the model projections
and our analysis neither cover the implementation nor the
financing of these scenarios.

The results of our study is in line with the results reported in the
IEA energy access outlook 2017 [16]. The IEA projection shows that,
by 2030, 900 million people are without clean cooking access in
SSA under the new policy scenario. Our projection shows very close
estimate of 895 million by 2030 under the baseline scenario. The
outlook also projects that the cost of providing universal clean
cooking access in sub-Saharan Africa by 2030 amounts to USD 1.7
billion per year, which is in the range of our estimate (USD 1.6 to 2.4
billion per year).

This study also shows the benefits of clean and modern energy
access on health and the environment. According to our projection,
universal access to clean and modern cooking energy could save the
lives of up to hundred thousand children in 2030. It also consid-
erably reduces deforestation and forest degradation and contrib-
utes to the reduction of up to 340 Mt CO, emissions by 2030.
However, the transition can be hampered by the cost of purchasing
a modern stove. Addressing this issue requires emphasis on inno-
vative business models and scaling-up of micro-finance with spe-
cial focus on the low-income population. Even after purchasing the
stove, the continued and proper use of the stove can be hindered by
high fuel cost for modern technologies. Hence, the focus on
accessibility and affordability of modern fuels is crucial to harness
the full benefits of the transition. At the same time, the results of
this study highlight that if health and environmental cost of
traditional fuels and technologies are internalized, the cost
competitiveness of modern cooking solutions could increase
significantly. As such, the challenges of universal access to clean
and modern energy relate to broader socio-economic factors.

5. Conclusions

In this paper, we present two sets of scenarios for promoting
cooking solutions in SSA, either focussing on specific policy mea-
sures or imposing the universal access target. With the above ca-
veats in mind, we can draw the following conclusions from our
analysis:

Neither the baseline nor any of the policy scenarios analysed
lead to achieving SDG7.1 on clean cooking in SSA. Unless radical
improvements are made with respect to the affordability and effi-
ciency of clean cooking technologies, as well as an exceptionally
rapid installation of modern fuel infrastructure, traditional biomass
(firewood and charcoal) will have a significant share (67% in our
scenario) in the cooking energy mix for decades to come. Neither
the baseline nor any of the policy scenarios come close to achieving
SDG7.1 in SSA. Improved and advanced biomass cookstoves could
therefore play an important role as interim-solutions in the tran-
sition, especially in rural areas.

Phasing out traditional biomass use may lead to lower total
cost of cooking. The average total household costs for the no
traditional cookstove scenario and electric cooking scenario are
lower than those projected under the baseline and the policy

scenarios. Given that the annual fuel cost is several times higher
than the average annual capital cost, saving on fuel (either by
changing to more efficient biomass cookstoves or by using less
useful energy for cooking) will lead to large reductions in cost (up
to 17% lower according to our results). At the same time, initial
capital cost, though relatively low, is often one of the biggest bar-
riers for the poorest households without stable and reliable income
in SSA [2,58]. This implies that policies facilitating access to modern
fuels, access to finance, and stimulate innovative business cases
could help in the transition to clean and modern cooking solutions.

The transition to clean and modern cooking fuels and tech-
nologies could save the lives of 100 thousand children in 2030.
Children under 5 years of age in SSA are disproportionately affected
by HAP. Reducing the use of solid biomass, mineral coal and kero-
sene has considerable benefits on health and well-being. Our
analysis shows that, while eliminating the use of traditional cook-
stoves could reduce child mortality attributed to HAP from pneu-
monia by 50% in 2030 compared to baseline, completely halting the
use of solid biomass for cooking could reduce it by 99%. This re-
quires investment in awareness raising and communication of the
negative side-effects of traditional biomass use, scaling-up inno-
vative finance models for poor households, as well as financial and
technical support for businesses.

Eliminating traditional cookstoves or halting the consump-
tion of solid biomass all together can help save 335—485 million
tons of fuelwood annually by 2030. The inefficiency in combus-
tion of biomass in traditional biomass cookstoves is such that
eliminating the use of traditional cookstoves could save up to 335
million tons of fuelwood. Halting the consumption of solid biomass
entirely could save up to 485 million tons of fuelwood. Under
baseline assumptions, the total biomass demand in SSA is well
below total biomass production. However, by 2030, several parts in
western Africa and eastern Africa could experience pressure due to
higher demand for fuelwood than the local production capacities.
The transition towards clean and modern fuels could therefore
provide environmental benefits tackling forest degradation,
deforestation, soil erosion, and other natural resource impacts
resulting from fuelwood collection.

Even when assuming that the biomass is largely harvested
sustainably, resulting in very limited CO, emissions, switching
to modern fuels could lead to a decrease in greenhouse gas
emissions. Eliminating traditional cookstoves could save 225 Mt
COye from avoided emissions by 2030, while halting the use of
biomass entirely or cooking behaviour change could save 340 Mt of
COye (equivalent to a third of the total CO, emissions in Africa in
2016). This is due to the low efficiency of biomass stoves and the
fact that biomass burning emits CHy, N0, and BC that have higher
climate impacts than CO,. The avoided emission could be higher
with higher proportion of unsustainably harvested biomass.

Efforts to achieve universal access to clean cooking solutions
could be integrated within broader poverty alleviation and
economic development policies. A transition towards clean
cooking solutions can contribute to achieving a range of SDGs. In
this study, we have discussed significant synergies with improving
child health (SDG3), reducing greenhouse gas emissions (SDG13)
and reducing deforestation, land degradation and biodiversity loss
(SDG15). Coordinating initiatives and policies aiming to provide
clean cooking solutions with policies and programs for (rural) ed-
ucation, health, universal access to electricity, climate change
mitigation, environmental programs and industrialisation could
increase synergies between the programs, facilitate the transition
and bring the SDGs closer to realisation. Actions and programs
could also explicitly consider gender and social aspects to address
existing gender gaps in energy access.
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