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Universal clean cooking is a key target under Sustainable Development 
Goal (SDG) 7, with implications for several other SDGs, such as good health, 
gender equality and climate. Yet, 2.4 billion people globally still lack access 
to clean cooking. The situation is especially dire in sub-Saharan Africa (SSA), 
where only 17% use clean options. We develop OnStove, an open-source 
spatial tool comparing the relative potential of different cookstoves on the 
basis of their costs and benefits, and apply it to SSA. Our results suggest 
a severe market failure as the currently most used solution, traditional 
biomass, produces the lowest social net-benefits nearly everywhere in SSA. 
Correcting this failure, which stems from multiple market and behavioural 
obstacles, would deliver significant health, time and emission benefits but 
requires identification and promotion of policies to transform cooking 
energy use. Spatial mapping offers a more nuanced understanding of the 
costs needed to deliver cleaner cooking transitions than was previously 
possible, which is useful for improved targeting of intervention strategies.

Clean cooking is commonly defined as cooking with fuels and stove 
combinations that meet the standards set by the World Health Organ-
ization’s Guidelines for Indoor Air Quality1. As of 2020, roughly 2.4 
billion people worldwide lacked access to clean cooking, relying on 
polluting fuels instead to meet their daily cooking needs2. The lack 
of clean cooking is especially pronounced in sub-Saharan Africa 
(SSA), where only 17% of the population currently use clean solu-
tions. Furthermore, between 2000 and 2020, the number of peo-
ple without access to clean cooking increased by almost 50% in the 
region, as population growth outpaced the increase in access2. The 
use of polluting fuels is estimated to cause approximately 3.2 million 
premature deaths annually and impede progress on gender equality 
and environmental quality goals2. Due to the widespread negative 
impacts of polluting cooking fuels, universal access to clean cook-
ing was incorporated as one of the targets of the Sustainable Devel-
opment Goals (part of SDG target 7.1)3. This target has been shown 

to be directly linked to the achievement of many other SDG targets  
as well4.

The slow transition to clean cooking has received ample atten-
tion in the literature, and much work highlights the wide variation in 
the pace and outcomes of this transition across regions3,5–7. A vast and 
expanding literature highlights the barriers inhibiting wider uptake 
of clean cooking technology, such as underdeveloped supply net-
works8,9, the need for other energy services offered by traditional 
fuels (for example, heating)9 and affordability constraints10,11, among 
others, as well as discrepancies, often gendered, between the ben-
efits that decision-makers perceive and the benefits experienced by 
households12. Many of these factors vary considerably with geogra-
phy and as a function of community and household characteristics. 
Thus, Geographic Information Systems (GIS) can help increase under-
standing of how fuel availability, access to infrastructure and relative 
fuel prices change across locations, and can inform better planning.  
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cooking, as private benefits and externalities connected to stove switch-
ing (for example, many of their health effects, the value of time saved 
and environmental damages) do not appear to be properly quantified, 
understood or internalized. Results indicate that the social optimum 
based on current infrastructure (with optimal referring to the stoves 
with the highest net-benefit) corresponds to a cooking energy situation 
with 765 million people primarily using LPG stoves, 350 million cook-
ing with electricity, 19 million using biogas and about 160,000 using 
improved biomass cookstoves (biomass forced draft ICS) (Fig. 2a). The 
OnStove social cost-benefit analysis shows that traditional biomass and 
charcoal stoves would not deliver the highest net-benefit anywhere in 
the region. This is in stark contrast with the current situation in SSA, 
where 83% of the population relies primarily on traditional stoves2. 
This indicates the extreme disconnect between the stove options that 
are ideal for social well-being and those that people are actually using.

Even when accounting only for private benefits, health (with-
out spillovers) and time, results continue to show a large disconnect 
between current decisions and optimal outcomes (Fig. 2b). Thus, 
markets on their own do not appear to be delivering solutions that 
would benefit many people. According to this private-benefits analysis, 
most people in the region (~80%) should use clean cooking solutions 
(Fig. 2b) simply for the private benefits that these technologies deliver. 
The remaining 20% would use transitional stoves such as charcoal ICS 
or biomass ICS. As in the social analysis, LPG is the most prevalent 
technology in the stove mix (for about 851 million people), followed by 
charcoal ICS (190 million), electricity (45 million), improved biomass 
cookstoves (37 million, three quarters using forced draft and the rest 
natural draft) and finally biogas (12 million) (Fig. 2b). The larger pres-
ence of transitional stoves in the private scenario highlights the reality 
that not all households will benefit the most from switching to fully 
clean solutions. Factors that lead to lower benefits of clean alterna-
tives include a low value of time (that is, reflected in low wages and (or) 
unequal distribution of wealth) and low value of statistical life (VSL), 
which is tied to income level. Nonetheless, many households in SSA 
would still appear to benefit privately from using improved or clean 
technology and yet are primarily reliant on traditional cookstoves 
today. The fact that these households do not adopt clean alternatives 
is clear evidence that other barriers, which we discuss in more detail 
below, remain determinant.

ICS as transitional solutions
We analyse four ICS options (forced and natural draft biomass, pellets 
and charcoal) that have been classified as ‘improved’ or transitional1. 
ICS have lower benefits than clean stoves in terms of health, emissions 
avoided and time saved but are nonetheless more efficient than their 
traditional counterparts. Furthermore, their costs are typically lower 
than those of clean stoves and their operation tends to be similar to that 
of traditional stoves, which limits the learning effort needed for their 
use5. These factors contribute to ICS potentially playing an important 
role as transitional solutions on the path to more widespread use of 
clean options.

Cost advantages notwithstanding, in the optimal social benefits 
scenario (Fig. 2a), ICS (all biomass forced draft) would only be used in 
the Democratic Republic of Congo, Mali, Niger and Chad by ~160,000 
people. Their low share is partly because biomass harvesting in SSA is 
unsustainable in many locations, such that these stoves result in higher 
net emissions than cleaner alternatives. Charcoal ICS is, however, 
prevalent in the private benefits scenario (Fig. 2b). This is because 
charcoal production is a particularly emission-intensive process16,17 
and reduction of emissions is the largest category of benefits (or for 
charcoal, costs) omitted from the private net-benefit equation. In gen-
eral, charcoal ICS is privately optimal in countries with lower VSLs (that 
is, where health benefits are valued less). Similarly, the prevalence of 
biomass ICS in the optimal stove mix increases in the private scenario. 
Three countries: Burundi, Eritrea and Malawi, have a majority of their 

For policymakers in SSA, the use of GIS can help clarify where transi-
tions to improved technology are currently lagging most, relative to 
their potentials, and can facilitate prioritization of policy and invest-
ment support. While GIS tools have been widely used to support 
electricity access planning13,14 and to assess the suitability of specific 
cooking fuels9,15, they have not been applied to systematically assess 
and compare the relative value, measured as net benefits, of improved 
cooking alternatives.

Here we estimate and describe the costs and benefits of imple-
menting universal clean cooking in SSA. To this end, we develop and 
apply an open-source, scalable and reproducible spatial tool compar-
ing the relative potentials of different cooking solutions (OnStove). 
OnStove is a raster-based tool determining the net-benefit value of 
different stoves for every grid cell of a given region. The tool accounts 
for four key benefits: reduced morbidity, mortality, emissions and 
time saved, as well as three costs: capital, fuel, and operation and 
maintenance (O&M). The fuel–stove alternative providing the high-
est net-benefit is identified for each grid cell (see Methods for detailed 
descriptions of each benefit and cost). The tool also gives users the 
ability to omit specific categories of benefits and costs, enabling assess-
ment of net benefits from different perspectives (for example, social 
or private net-benefit).

OnStove’s inputs are divided into three categories: GIS datasets, 
socio-economic and techno-economic specifications (Fig. 1). GIS 
datasets are used to capture the aspects of an area of interest (AOI) 
that vary over space, such as costs and time spent collecting fuels. 
The geographic approach provides insight on factors that may espe-
cially hinder or catalyse the adoption of clean cooking in particular 
locations, such as economic opportunity, fuel availability or lack of 
technology-specific infrastructure (for example, no access to electric-
ity). The Supplementary Information provides a list of the GIS datasets 
used in the analysis and their purpose (including information on their 
level of spatial aggregation), as well as details on the stove-specific and 
other input assumptions.

In this first application of OnStove, we compare nine stove types 
split in three categories: traditional (biomass and charcoal), improved 
cookstoves (hereafter ICS, this category includes natural and forced 
draft biomass as well as forced draft pellets and charcoal) and clean 
(electric, LPG and biogas). We summarize insights from this spatial 
analysis emerging from two distinct perspectives, one social and one 
private. The social perspective accounts for all private net-benefits: 
net stove and fuel costs, health costs avoided and the value of time 
saved, plus externalities such as greenhouse gas (GHG) emissions and 
health spillovers avoided. It applies a social discount rate (or social 
marginal rate of time preference, where the discount rate describes 
the rate at which money loses value over time) of 3% to weigh costs 
and benefits over time. The private scenario accounts only for the 
reduced morbidity, mortality and time spent collecting fuels and cook-
ing experienced by households that adopt new cooking technology. 
This scenario applies a discount rate of 15%, which is more consist-
ent with individuals’ private rates of time preference. Uncertainty 
regarding the specific value of the many model inputs across SSA is 
substantial and may influence the results. An additional analysis that 
varied 33 input parameters using 680 scenario combinations sheds 
light on the importance of these uncertainties and is provided in the 
Supplementary Information. Drawing on the model results and on 
relevant related literature, we also discuss the technical and political 
options that could help to speed up achievement of universal access 
to clean cooking, and highlight the analytical needs related to better 
evaluate the appropriateness of such options.

A severe market failure
Our results point to the important role of market and behavioural 
obstacles in the current choice and distribution of cooking technolo-
gies in SSA. Most people in the region still rely on traditional stoves for 
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population benefiting the most from biomass forced or natural draft 
ICS (80, 73 and 82%, respectively). In Burundi, this is because the VSL 
(used to value mortality benefits of cleaner alternatives) and the mini-
mum wage rate (used to value time) is very low. In Eritrea and Malawi, 
in contrast, relatively low fuel collection times reduce the time costs 
associated with use of biomass ICS.

Overall, these results clearly show that considering a restricted 
set of benefits, or applying lower valuations to them, tends to make 
cheaper ICS technologies more attractive. They also help to highlight 
factors that relate to the behavioural obstacles impeding cleaner cook-
ing adoption. For example, time savings and health benefits may not 
always be salient to households and particularly among household 
decision-makers. These individuals—typically male heads of house-
holds—are rarely the same people who bear the majority of the burdens 
of fuel collection and exposure to pollution from combustion in the 

kitchen environment, these people tending to be women18. This dis-
connect is thus the source of potential household ‘internalities’ (that 
is, inefficiencies arising from intra-household preferences that are 
undervalued due to bargaining power asymmetries).

Multipronged interventions needed
Markets alone are failing dramatically in delivering on the promise of 
clean cooking. Achieving enhanced alignment between household 
cooking technology use and the socially, or even privately, optimal 
technology use will thus require more than simple tweaking of markets. 
Rather, concerted and coordinated policy action that simultaneously 
tackles multiple barriers and obstacles appears necessary8. In the opti-
mal social benefits scenario, virtually everyone in SSA would use clean 
cooking solutions, with LPG as the most prevalent option (for 67% of 
the population), followed by electric stoves (31%). The latter share of 
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Fig. 1 | Simplified OnStove schematic describing the input data, processes and outputs. The input data and processes are described in text as well as in the 
Supplementary Information. The processes included within the dashed lines (that is, GIS processing, baseline calibration and net-benefit calculations) constitute the 
core components of OnStove.
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electric cooking is significant as only about 48% of the population 
in SSA have access to electricity2, and OnStove does not account for 
future increases in this percentage. From a social net-benefits per-
spective, electricity is most often preferred when available (Fig. 3a). 
Thus, integrated planning efforts of expanded access to electricity 
and clean cooking would probably substantially increase the optimal 
share of electric cooking.

In the scenario maximizing private benefits, LPG stoves become 
even more competitive. This is largely due to the lack of accounting for 
GHG emissions, where electricity has a relative advantage given the 
share of renewable power generation in SSA (Fig. 3b). Simultaneously, 
the total share of clean stoves decreases, compared with the social 
benefits scenario, as charcoal ICS becomes privately attractive in a 
number of locations. Thus, omission of social benefits (that is, spillover 
effects from kitchen emissions, avoided GHG emissions and the costs 
of illness borne by the public health system) renders the benefits of 
adopting clean stoves too small to offset their higher costs for a size-
able share of the population.

As previously noted, household cooking technology choices in SSA 
at this time are highly divergent even from the privately optimal tech-
nology mix. This is probably due to underdeveloped supply chains for 
improved technology8, household internalities (that is, a misalignment 
of decision-makers' preferences and benefits to household members)12, 
liquidity constraints that inhibit adoption of new solutions10,11, and cul-
tural or peer influences whereby people mimic the costly behaviours of 
others around them19. Other key behavioural challenges that can influ-
ence the household decision calculus include present or short-term 
bias, a lack of salience for non-pecuniary benefits10,11 and fuel stack-
ing (the use of several fuel–stove combinations)20–22. Addressing this 
complex web of factors and barriers will require coordinated policies, 
interventions, and cooperation between governments and private 
sector suppliers of clean solutions8.

The presence of large externalities further contributes to this 
market failure; achieving the social optimum in their presence requires 
either (1) subsidies to reduce the private user costs of clean technol-
ogy, (2) taxes to raise the private user costs of polluting solutions or (3) 
command-and-control regulations that limit choices. These potential 
interventions have varying advantages and disadvantages. The latter 
two policies, for example, would be hard to implement for traditional 
stoves and fuels that are rarely purchased. As such, the first approach 
is recommended, although we admit that subsidies are unlikely to be 
sufficient on their own, given the behavioural obstacles and household 
internalities previously mentioned, and owing to high subsidy costs and 
potential leakage. Other actions needed include information provision, 
social marketing that targets influential sub-groups, empowerment of 
marginalized populations (particularly women), and supply chain and 
market strengthening.

The urgent case for policy action
Traditional stoves have many disadvantages. People relying on biomass 
fuels often spend considerable time on fuel collection and preparation 
of food. For example, it is estimated that rural household members 
using traditional stoves, often women and children, spend approxi-
mately 1.3 hours daily on fuel collection23. Furthermore, much of the 
biomass collection is unsustainable, contributing to forest degradation 
and increased GHG emissions17. Finally, around 700,000 deaths in Africa 
in 2019 were attributable to household air pollution (HAP)24. OnStove 
captures these negative consequences by monetizing the benefits of 
time saved, avoided emissions, and reduced morbidity and mortality 
from transitions to cleaner options.

When socially optimal technology is used, the impacts of adopting 
the technologies with the highest net-benefits in SSA include 463,000 
averted deaths per year and reductions in health costs of US$66 billion 
(Fig. 2a). This decrease in deaths and health costs results from a major 
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shifting towards LPG and electric stoves, which dramatically reduce 
exposures to harmful emissions. Even with privately optimal technol-
ogy (excluding externalities), the number of deaths and health costs 
avoided would sum up to 338,000 and US$45 billion, respectively 
(Fig. 2b). This is a significant improvement from the current situation 
but is considerably lower than that under the social perspective, as 
transitional options appear privately optimal in more locations of SSA.

The total time saved in the social perspective averages to about an 
hour per household per day. This is slightly higher than in the private 
perspective (Fig. 2) owing to the greater presence of electric cook-
stoves in the social perspective, and the fact that these technologies 
have the lowest cooking times25. Fuels requiring substantial collection 
time (biomass and biogas) are not widely used in either scenario. It is 
important to highlight that these overall time savings do not account 
for changes such as cooks’ ability to engage in multiple activities when 
using advanced technologies. Similarly, the emissions avoided are 
highest in the social scenario, at about 586 million tonnes of CO2-eq 
(Fig. 2a), compared with 482 million tonnes of CO2-eq in the private 
scenario (Fig. 2b). Although such emissions reductions are not valued 
in the latter, households shifting to more efficient technology on the 

basis of their greater private net-benefits would nonetheless generate 
fewer emissions.

In conclusion, both perspectives suggest that considerable ben-
efits—health improvements, emissions reductions and lower time 
spent on collecting fuels and cooking food—would result from a shift 
to more efficient technologies, and these benefits well outweigh these 
options’ stove and fuel costs. In the social benefits scenario, the benefits 
are higher across all categories because the technologies favoured are 
cleaner and more efficient.

The costs of cleaner fuels and stoves
The net capital investment required to attain the highest social and 
private net-benefits would reach US$7.5 billion (Fig. 4a) and US$3 bil-
lion (Fig. 4b) per year, respectively. These costs include the cost of new 
stoves, the grid capacity upgrades needed to sustain electrical cooking, 
as well as the fuel cylinders needed to scale-up LPG usage. This can be 
contrasted to the annual investments needed to reach universal resi-
dential electrification, estimated at US$41 billion2. When comparing 
these investment numbers, it is important to note that some of the costs 
accounted for in these scenarios (especially grid capacity upgrades) 
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would deliver non-cooking benefits to households. Indeed, previous 
research has shown that investment towards SDG target 7.1.1 (universal 
electricity access) can also be viewed as investment towards SDG target 
7.1.2 (universal access to clean cooking) and vice versa26–28.

Distinct from capital costs, the largest share of costs included in 
the model comes from the purchase of commercial cooking fuels (elec-
tricity, LPG or charcoal). The annual fuel costs for the technology mix 
selected under the optimal social benefits framing amount to US$14.4 
billion (Fig. 4a), and these decrease to approximately US$12 billion for 
the privately optimal technology mix (Fig. 4b). Here it is important to 
remember that all costs (and benefits) are relative to the current stove 
situation. Therefore, if the solution with the highest net-benefit in a 
given cell has lower fuel costs than the current technology, these fuel 
costs will be negative. This situation pertains to cells where biomass ICS 
and biogas are adopted, and in some countries and grid cells, also for 
charcoal ICS and electric stoves. Biomass ICS and biogas in particular 
do not require fuel purchases. For charcoal ICS, cost savings are seen 
where traditional charcoal is currently dominant, as the use of more 
efficient ICS stoves entails fuel savings. Finally, for electricity, cost 
savings occur in countries where electricity costs are especially low, 
such that electric cooking generates savings relative to continued use 
of currently purchased fuels (especially LPG).

While the cost of achieving universal clean cooking is comparatively 
low, low cost is neither the same as affordability nor does it determine 
likelihood of use29. Indeed, factors such as households’ variable and 
uncertain income patterns and non-discretionary expenses, difficulties 
in fuel procurement, as well as stacking behaviour and preferences, also 
need to be addressed to achieve widespread adoption and long-term 
use of clean technologies30. Data regarding these factors are often 
unavailable. To assess affordability, we present, in the Supplementary 
Information, cost-only maps for each privately and socially optimal 
technology, as well as an affordability ratio (defined as the ratio between 
the location-specific total levelized cost of cooking per household and 
the minimum wage). The cost maps highlight the problem that can arise 
from neglecting household time preferences. This is especially true when 
higher discount rates are used (that is, in the private perspective), as the 
total relative levelized costs per household are substantially higher than 
with a lower discount rate (that is, in the social perspective). Moreover, 
this affordability perspective reveals that only about 25% of households 
rank below a 4% affordability ratio in the private perspective, and only 
about 10% of households rank below a 4% affordability ratio in the social 
perspective (the lower the ratio the better). This demonstrates the high 
cost of cleaner cooking solutions for poor households, and the urgency 
and challenge of addressing affordability.

Ways forward to universal access to clean cooking 
in SSA
The divergence between the private and social benefits of clean 
cooking, globally and in SSA, has been identified in previous studies 

as a major policy challenge that requires concerted policy actions to 
address5,6,12,31. Previous work has also highlighted the substantial het-
erogeneity in outcomes that arises from different assumptions, based 
on empirical data, about the values of parameters that influence the 
costs and benefits of cooking technologies32. However, neither the 
spatial patterns of this divergence nor the implications for targeted 
policies and interventions have previously been characterized. Here 
we present OnStove—a spatially explicit clean cooking transition tool 
using a cost-benefit approach applied to SSA. Critically, the approach 
allows us to conclude that the economic rationale for strong policy 
action to supply clean cooking technology at low cost applies across 
this entire region.

Indeed, a majority of people in SSA currently use traditional bio-
mass for cooking, but the socially optimal technologies across most 
grid cells in the analysis are clean stoves. Internalizing only private 
benefits, including non-monetary aspects related to health burdens 
and time losses, suggests some role for charcoal and biomass ICS cook-
ing, but no traditional stoves. The fact that existing technology use in 
SSA is so different from this private optimum highlights the scope of 
the challenge and the fact that markets and current policies are fail-
ing to provide the technologies that would benefit many millions of 
people in the region.

Transitional technologies, which appear to be privately optimal 
in some locations, still impose substantial health and environmental 
consequences relative to the cleanest technologies, that is, biogas, LPG 
and electric cooking. A different perspective that includes the full social 
benefits almost completely removes transitional stoves from the set 
of optimal technologies. Thus, interventions are urgently needed to 
overcome current impediments to adoption. The challenge is especially 
great in locations with low wages, severe wealth inequalities (and hence 
low health and time valuations) and lacking infrastructure such as 
effective LPG distribution networks and electricity connections. Here 
it is also worth noting that technologies deemed optimal on average 
within a grid cell may not be optimal for all households living in that 
location due to within-cell heterogeneity that further emphasizes the 
importance of effective targeting.

The multifaceted interventions that are required are largely struc-
tural and would clearly require resources, which have not been fully 
included in this analysis. As such, the framing here provides an upper 
bound on the private and social net-benefits of technology adoption, 
which is nonetheless useful for several reasons. First, the metric of 
social net-benefits that is derived is most easily interpreted in this way. 
Specifically, that metric indicates the maximum cost that could be 
incurred to support a cooking energy transition while still leaving the 
beneficiary population no worse off. This is a valuable metric because 
it equips decision-makers (governments and donors especially) with 
information that they can use to assess the rationale for different 
potential policy packages, given their expectations regarding the 
impacts of those policies. Second, it avoids obscuring the results with 
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Fig. 4 | Total levelized costs and monetized benefits for each optimal stove 
type. a, A social net-benefits perspective including both private benefits and 
externalities. b, A private net-benefits perspective, excluding externalities. All 
costs and monetized benefits are relative to the current fuels and stoves used 

in SSA, hence the values shown represent the total extra costs and monetized 
benefits throughout SSA as derived from switching to the optimal stove mix under 
each perspective. ND stands for natural draft and FD for forced draft stoves.
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assumptions about both the effectiveness and costs of different policy 
interventions, which are probably spatially heterogeneous. This is 
important because the evidence base on both costs and effectiveness 
is extremely limited, and certainly does not currently support a spatial 
differentiation.

Indeed, the set of interventions that appear necessary are many 
and diverse. Subsidies have already been discussed, but financing 
would also help to loosen affordability constraints and encourage 
households to experiment with new technology. Our results indicate 
that most households in SSA would struggle to afford cleaner cooking 
alternatives. Education and decent employment options that raise 
the opportunity cost of time could raise the value of time spent cook-
ing and incentivize efficient technology adoption. Individuals who 
see economic gains in finding work relative to the money saved from 
collecting fuels from the environment or using cheap but inefficient 
cooking technologies would more readily transition. Here, household 
internalities resulting from gender norms and lack of women empow-
erment and work opportunities must also be addressed. This could 
increase households’ health valuations, which are highly correlated 
with economic status33. Private and public health costs can furthermore 
be made more salient through awareness-raising interventions that 
draw attention to the health effects of traditional cooking. Fully in the 
sphere of spillovers, there is a need to incentivize more sustainable 
harvesting of biomass using climate mitigation incentives.

Beyond these aspects, there is also a need for investment in com-
plementary infrastructure and supply chains for clean cooking solu-
tions. In electrified locations, for example, electric cooking was shown 
to be the most often preferred clean cooking technology from a social 
benefits perspective. Meanwhile, investments in cylinders, storage 
capacity, filling plants, road network improvement and expansions, 
and road and rail transport tankers are needed to scale-up the adop-
tion of LPG34. The significant investment requirements to support 
such solutions make it imperative for energy planners to account for 
energy-for-cooking needs while developing their energy systems. The 
use of a spatially explicit model such as OnStove can aid in these devel-
opments by providing insights on how cooking technologies should 
be scaled-up to provide universal access to clean cooking solutions.

Methods
To assess the benefits and costs of clean cooking in different parts 
of SSA, we developed OnStove, an open-source geospatial tool for 
determining the net benefits of different cooking solutions in every 
km2 of a given study area. The tool uses state-of-the-art geoprocess-
ing methods to process raw geospatial data and produce cost-benefit 
analysis results. OnStove takes into account the benefits with regards to 
reduced morbidity, mortality, carbon emissions and time spent cook-
ing, as well as costs related to capital, fuel and O&M. The stove with the 
highest net-benefit (combined benefits minus combined costs) in each 
km2 is selected. The tool is highly modular and enables easy exclusion 
or inclusion of existing or alternative cooking technologies.

Inputs
OnStove’s inputs are divided into GIS datasets, and socio- and 
techno-economic specifications. GIS datasets capture spatial 
aspects of the AOI (note that our analysis is run on a national basis; 
AOI refers to a specific country). The socio-economic data provide 
information related to the socio-economic situation of the AOI. The 
techno-economic data then contain information about the stove tech-
nology options. See the Supplementary Information for a list of the GIS 
datasets used in the analysis, as well as the data entered in the socio- and 
techno-economic files.

Baseline
To calculate the net benefits of different stoves relative to the existing 
situation, it is important to first specify which stoves are currently used 

across the AOI (in the baseline). We disaggregate the current stove 
shares between urban and rural areas of the AOI using estimates on this 
split for the year 2020 in each country35. We next determine who could 
potentially cook with electricity by estimating the electricity access rate 
in the different cells of the AOI. The calibration of electrified people 
is done in OnStove using three different spatial datasets: population, 
nighttime lights and medium-voltage lines (the Supplementary Infor-
mation includes more information on these datasets). The calibration 
is a multicriteria analysis that uses the three datasets and weights to 
rank the importance of each to match the electrified population of 
the AOI with the total current electrification rates in urban and rural 
areas. The cells of the AOI are calibrated to be either fully electrified, 
partially electrified or non-electrified. The Supplementary Information 
outlines the baseline values of stove shares and electrification rates 
used in different countries.

Net-benefit calculations
To determine which stove should be used in each cell to maximize 
net benefits, we used a modified version of the net-benefit equation 
presented in ref. 5. In that approach, the net benefits of a cooking tech-
nology transition are calculated as the difference between the total 
benefits and total costs resulting from switching stoves (equation 1):

Netbenefit = Benefits − Costs (1)

The stove with the highest net-benefit is chosen as the stove to use 
in each cell, as long as the benefit is positive (that is, we avoid choos-
ing a stove due to its lower costs at the expense of lower benefits). The 
benefits are defined using equation (2):

Benefits = (Morb +Mort + Time saved + Carb + Bio) (2)

where ‘Morb’ is the value of the decrease in morbidity experienced 
when switching cooking technology, ‘Mort’ is the value of the decrease 
in mortality, ‘Time saved’ is the value of time saved, ‘Carb’ is the value 
of the decrease in carbon emissions and ‘Bio’ is the value of the benefits 
related to the loss of other environmental services due to biomass 
harvesting5. As noted in ref. 5, the costs in the latter term are difficult 
to specify in a spatially explicit manner owing to a lack of reliable data, 
hence this Bio-parameter is omitted.

The costs in equation (1) are defined as in equation (3)5:

Costs = Capital +O&M + Fuel + Prog + Learn (3)

where ‘Capital’ is the capital cost of a stove, ‘O&M’ is the operation and 
maintenance cost, ‘Fuel’ is the fuel cost, ‘Prog’ is the cost of technol-
ogy promotion (including marketing) and ‘Learn’ is the value of the 
time it takes to learn how to use the new technology5. In our study, we 
omit ‘Prog’ and ‘Learn’ since data regarding these costs are limited, 
and because it is not immediately clear how they would translate into 
differentially higher costs for the alternative technologies we analyse. 
Given these omissions, the net benefits of the various alternatives 
relative to the status quo should be considered an upper bound that 
would not be realized in locations where intensive promotion (and its 
associated costs) would be needed to induce adoption. Another way 
of interpreting the net social benefits calculated in a given location is 
that these represent an upper bound on the programme cost for the 
suite of interventions and complementary investments that could be 
made while still allowing society to break-even from a net-benefits 
perspective.

The net benefits are thus described in equation (4):

Net benefit = (Morb +Mort + Time saved + Carb)

− (Capital +O&M + Fuel)
(4)
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Given this disaggregation of benefits and costs, scenarios can 
be explored using different combinations based on the preference 
of OnStove users (for example, decision-makers). In this study, for 
instance, we differentiate between social and private benefits. The 
sections below outline in more detail the components of equation (4).

Morbidity and mortality reductions
The morbidity and mortality calculations are similar in nature, there-
fore we describe them simultaneously. They are included as benefits 
since cleaner cookstoves usually decrease morbidity and mortality. 
For specific input values, refer to the morbidity and mortality section 
of the Supplementary Information.

We use the relative risk (RR) and population attributable fraction 
(PAF) equations proposed in ref. 36 to determine the relative risk of 
contracting (and dying of) HAP-related lung cancer (LC), acute lower 
respiratory infection (ALRI), ischaemic heart disease (IHD), chronic 
obstructive pulmonary disease (COPD) and stroke. The RR depends on 
the concentration of HAP; we therefore use the 24 h particulate matter 
2.5 (PM2.5) concentration of different stoves. This concentration is then 
multiplied by an exposure adjustment factor (ɛ, 0.51 for traditional 
biomass and 0.71 for all other stoves), included to account for potential 
behavioural change that results from switching to a cleaner stove. This 
is in line with what is done in the BAR-HAP model32.

Equation (5) is then used to determine the RR associated with 
each disease36:

⎧⎪
⎨⎪
⎩

if ε × 24 − h PM2.5 concentration < zrf, RR = 1

if ε × 24 − h PM2.5 concentration ≥ zrf,

RR = 1 + α × (1 − e(−β×(ε×24−h PM2.5 concentration−zrf)δ))

(5)

where RR is the relative risk associated with each disease (LC, IHD, 
COPD, ALRI and stroke), and α, β, δ and zrf are disease-specific con-
stants determined experimentally. The equation ensures that the RR 
increases with increasing concentration of HAP at a decreasing rate 
(such that the marginal health damage of increased HAP exposure 
eventually tapers off)36.

The disease-specific constants α, β, δ and zrf are determined in 
ref. 36 by conducting 1,000 runs of their model per disease (results 
are reported at http://ghdx.healthdata.org/sites/default/files/
record-attached-files/IHME_CRCurve_parameters.csv)36. In OnStove, 
we utilize the average value of the constants for each disease across the 
1,000 runs (see the Supplementary Information).

The RR for each disease is used to determine the PAF, which is used 
to assess the public health impacts resulting from the population’s 
exposure to HAP-related risks37. We determine the PAF for each stove 
i and disease k using equation (6)6.

PAFi =
sfu × (RRk − 1)

sfu × (RRk − 1) + 1
(6)

where ‘sfu’ (solid-fuel users) is the share of the population not using 
clean cooking currently (see the Supplementary Information for 
country-specific values), and RRk is the disease-specific RR deter-
mined using equation (5). Since the share of solid-fuel users differs 
between urban and rural areas, we diversify the PAFi using geospatial 
datasets that identify which population cells are urban and which  
are rural.

Using the PAFi together with disease-specific incidence and 
mortality rates allows us to determine the risk of morbidity and 
mortality (Morbk and Mortk, respectively) with equations (7) and (8). 
These equations are slightly modified versions of those applied in 
ref. 5. Equations (7) and (8) generate estimates of the reduced cases 
(Morb) and deaths (Mort) resulting from stove switching across  
the AOI .

Morbk = Population × (PAF0 − PAFi) × IRk (7)

Mortk = Population × (PAF0 − PAFi) ×MRk (8)

where ‘Population’ is the total population (since OnStove is 
raster-based, the calculation is made on a cell-basis such that this term 
refers to the population in each cell), MRk and IRk are the mortality and 
incidence rates associated with each disease, PAF0 is the PAF-value for 
the current situation and PAFi pertains to the situation with the new 
stove. Since PAF0 and PAFi are differentiated by urban and rural areas, 
so are Morbk and Mortk. The MRk and IRk are country-specific (see the 
Supplementary Information).

We convert equations (7) and (8) to monetary values using the 
cost of illness (COIk) and the VSL as described in ref. 5. Furthermore, 
ref. 5 suggests incorporating cessation lags (CLkt) for each disease since 
the risk reductions do not occur immediately after a shift to cleaner 
technology. The final form of the morbidity and mortality equations 
are given in equations (9) and (10).

Morb = ∑k (∑
5
t=1 CLkt × COIk ×

Morbk

(1 + δ)t−1
) (9)

Mort = ∑k (∑
5
t=1 CLkt × VSL × Mortk

(1 + δ)t−1
) (10)

where CL is the cessation lag (for disease k and time t), COI is the cost 
of illness (for disease k), VSL is the value of a statistical life, Morbk is the 
reduction in cases (of disease k), Mortk is the reduction of deaths (from 
disease k) and δ is the discount rate. See the Supplementary Informa-
tion for the values of the constants used in these equations.

Time saved
The value of time saved captures the time costs of inefficient cooking 
due to both collection of fuels and cooking itself. Similar to the calcu-
lations of reduced morbidity and mortality, time saved is calculated 
relative to the situation with use of current technology. All stoves 
have specific cooking times (see the Supplementary Information). In 
addition, the use of wood or biogas entails a fuel collection time. This 
collection time is determined by calculating a least-cost path to the 
closest fuel supply in each cell (a spatial forest layer for wood and a 
livestock map for biogas). The cost used is a spatially explicit friction 
map describing the time needed to travel 1 m through each raster cell; 
hence, the least-cost path is equivalent to the fastest one. The time 
saved by switching stoves is then translated to a monetary (opportunity 
cost) value using the minimum wage of the country and a spatial wealth 
index layer. We use a spatially explicit relative wealth index available at 
2.4 km resolution created by Facebook38. For three countries, Somalia, 
South Sudan and Sudan, this relative wealth index is not available, and 
sub-national poverty rates are used instead. Further details are available 
in the Supplementary Information.

The opportunity cost of firewood collection was previously com-
puted on the basis of the time required to collect 1 kg of firewood, the 
probability of being employed and the wage rate39. A similar approach 
was also used in refs. 40 and 6, where factors between 0.3 and 0.9, and 
0.1 and 0.5, respectively, were used on the basis of limited time valua-
tion literature from specific locations and in industrializing countries. 
We use a factor ranging between 0.2 and 0.5 of the minimum wage, 
where the specific value applied in a location depends on the spa-
tial wealth index. These assumptions notwithstanding, the general 
approach is consistent with other guidance in the cost-benefit literature 
that suggests use of 50% of the after-tax informal sector wage (which 
in many contexts is lower than the minimum wage)41.
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GHG emissions avoided
‘Carb’ accounts for the social benefits of reducing GHG emissions from 
use of cleaner technology and is based on equation (11).

Carb = cCO2 × (fueluse0 × (γ0 × μ0) /ε0 − fuelusei × (γi × μi) /εi) (11)

where cCO2 is the social cost of carbon (US$ tonne−1) from the 2021 
update of the US Environmental Protection Agency42. This parameter 
is commonly used to estimate the long-term economic damage caused 
by GHG emissions43. ‘Fueluse’ is the amount of fuel used for cooking 
(kWh for electricity, kg for the rest), µ is the energy content of the fuel 
(MJ kWh−1 for electricity, MJ kg−1 for the rest) and ɛ is the fuel efficiency 
of the stove (%). Moreover, γ is a fuel-specific carbon intensity (kg GWh−1 
for electricity, kg GJ−1 for the rest) that accounts for emissions of five 
relevant pollutants (carbon dioxide, methane, carbon monoxide, black 
carbon and organic carbon) and their 100 yr global warming potentials 
(GWP)25 (see the Supplementary Information for stove emissions 
details). Subscript 0 denotes the baseline stove combination and i the 
new stove. International climate finance mechanisms have grown in 
importance as sources of funding for energy access and clean cooking 
projects44. This study assesses the GHG emissions connected to cooking 
energy technologies, and values reductions in these emissions at the 
social cost of carbon. Future work should consider how to best align 
carbon financing, including United Nations Framework Convention 
on Climate Change-backed climate finance instruments, with goals 
related to modern cooking energy access and reduced emissions.

Fuel use is taken as in ref. 40, which estimated that the final energy 
needed for cooking a ‘standard meal’ is 3.64 MJ40. Using this value, we 
estimate fuel needs using equation 12:

fueluse = 3.64
ε × μ (12)

The carbon intensity γi of fuel i is calculated using equation (13), 
where εi,j is the emission factor of pollutant j from fuel i and GWPj is the 
100 year global warming potential of pollutant j.

γi = ∑j εi,j × GWPj (13)

For biomass and charcoal, country-specific fractions of 
non-renewable biomass (fNRB), are used to exclude the carbon diox-
ide component from sustainably harvested woody biomass17 (see the 
Supplementary Information for details).

Capital costs
The capital cost is a one-time cost paid upfront to obtain a new stove. In 
calculating this cost, we net out the salvage cost to adjust for the varying 
lifespan of different technologies as described in equations (14) and (15).

Capital = inv − salvage (14)

Salvage = inv × (1 − used life
technology life )

× 1
(1 + δ)used life (15)

where ‘inv’ represents the upfront cost of the new stove, ‘salvage’ 
assumes straight-line depreciation of the stove value over time (equa-
tion 15), ‘used life’ is the time frame of the analysis, ‘technology life’ is 
the stove’s total lifetime and δ is the discount rate used to convert the 
salvage cost to a present value. The capital costs are generalized for all 
of SSA and the values used for each stove in equations (14) and (15) are 
reported in the Supplementary Information.

O&M costs
The O&M costs are paid on a yearly basis over the lifetime of each 
stove. For traditional stoves, we assume no O&M. For all other stoves, 

we assume an O&M of US$3.7 yr−1 (ref. 32). Future O&M costs are dis-
counted to present values using the relevant discount rate.

Fuel cost
Fuel costs are differentiated by fuel and location for specific stove 
types. Charcoal is assumed to be bought from vendors, LPG cost is 
spatially specified following ref. 45, fuel cost for electrical stoves is 
assumed to be equal to electricity generation cost, and the cost of 
biogas and wood are assumed to be zero since these fuels are usually 
produced and collected directly from the environment by end users 
(and are therefore valued using the opportunity cost of collection 
time). Yearly fuel costs are discounted to present values. Further details 
are provided in the Supplementary Information.

Limitations
OnStove has important limitations that future research should aim 
to address. First, country-specific stove shares for the current situ-
ation are only differentiated on the basis of urban and rural status. 
Future research should aim for a more spatially explicit specification 
of primary stove shares, perhaps based on modelling of the spatial 
determinants of such choices. This would enable a more detailed and 
nuanced modelling of the current situation, which in turn would allow 
for better understanding of the spatial distribution of benefits and 
costs of transitions to alternative technologies.

It is important to note that OnStove does not incorporate dynam-
ics over time. Consequently, the transition to cleaner options over time 
is not captured. Future research should assess whether incorporating 
dynamics that indicate rising shares of users of improved and clean 
technology would change the results and importance of ICS technolo-
gies in the short and medium term.

Fuel stacking is common in many low- and middle-income coun-
tries. This phenomenon can result from a lack of reliable fuel supply, 
fuel-price fluctuations, perceived co-benefits of fuels, or cultural pref-
erences. We have not considered fuel stacking in the analysis, largely 
because of data gaps. Energy Sector Management Assistance Program’s 
Multi-Tier Framework surveys46 offer the potential to begin to bridge 
this gap and could potentially be incorporated moving forward as 
more country datasets become available. Furthermore, OnStove takes 
account of the added capacity and investment needed to ensure that 
the increased demand for electricity due to electric cooking can be met. 
However, we do not model how electricity access (via grid extension 
or decentralized electrification) may develop. Future research should 
therefore link this tool with electrification models to overcome the 
‘mutual neglect’ between SDG 7 targets26–28. Future research should also 
aim to better model affordability issues. The stoves with the highest 
net-benefits are not necessarily affordable, and our work only begins 
to investigate and discuss the affordability challenge and the role of 
liquidity constraints.

Moreover, it is important to note that the net-benefit equations 
have been applied to nine different stove types in our analysis. Hence, 
a number of potential cooking solutions have been omitted. A notable 
example is the growing set of cooking appliances powered by off-grid 
electricity solutions. Such ‘eCooking’ solutions have been shown viable 
in recent studies, and their advantages will further become apparent as 
the cost of renewable off-grid systems decrease, or where the electrical 
grid remains unreliable28,47. Future research should consider the role 
of these eCooking alternatives in the optimal stove mix.

Finally, although there is a clear divergence between the tech-
nologies that would be used under a socially optimal cooking technol-
ogy mix and the actual situation in SSA, OnStove does not facilitate 
understanding of which policies could most cost-effectively close 
that gap. It may be the case that some interventions cannot be justi-
fied because their costs exceed the social net-benefits of the tran-
sitions they would induce. In addition, some interventions may be 
more cost-effective than others. Future work should consider the 
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costs of a menu of different policies, for example building on existing  
non-spatial modelling approaches such as those presented in the 
BAR-HAP model48.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The input data and outputs from the two main scenarios are avail-
able through a permanent database (https://data.mendeley.com/
datasets/7y943f6wf8 49). The database includes all socio- and 
techno-economic files developed for this paper, as well as the sensitiv-
ity analysis summarized in the Supplementary Information. Apart from 
the non-GIS inputs, all processed geospatial layers are also included in 
the database together with their original sources and documentation 
of how they were altered for this study.

Code availability
The latest version of OnStove is available at https://github.com/
Open-Source-Spatial-Clean-Cooking-Tool/OnStove. The repository 
includes instructions on how to install the necessary packages and 
run the analysis as well as a simple Jupyter Notebook interface exam-
ple. The official documentation of OnStove is also available through 
Read the Docs (https://onstove-documentation.readthedocs.io/en/
latest/?badge=latest). This documentation includes information on 
all tools developed for the analysis, ranging from the different geo-
processing tools used to the net-benefit equations and visualization 
tools. The version of OnStove used in this analysis is v0.1.2 (https://doi.
org/10.5281/zenodo.7185176).
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