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Abstract
Universal clean cooking is one of the key targets under Sustainable Development Goal (SDG) 7, and has
implications for several other SDGs, such as good health and well-being, gender equality and the climate
goals. Yet, 2.6 billion people globally still lack access to clean cooking. The situation is especially dire in
sub-Saharan Africa (SSA), where only 16% use clean stoves and fuels. We develop, and apply to SSA, the
�rst open-source spatial tool comparing the relative potential of different cookstoves based on their costs
and bene�ts. Our results suggest a severe market failure as the currently most used solution, traditional
cookstoves, have the lowest social net-bene�t nearly everywhere in SSA. Correcting this failure would
deliver signi�cant health, time and emission bene�ts. The presence of severe market failures and
behavioral obstacles require targeted policies to both increase the understanding and internalize bene�ts
and externalities from the adoption of clean cooking.

Introduction
In 2015 the UN general assembly agreed on an ambitious set of 17 Sustainable Development Goals
(SDGs). Amongst them is target 7.1, universal access to energy, including electricity and clean cooking, by
20301. This target is closely related to many other SDG-targets, either through synergies or trade-offs2.
Progress towards the universal clean cooking target has proven particularly di�cult. As of 2020, roughly
2.6 billion people still lacked access to clean cooking globally and relied on traditional fuels to reach their
daily cooking needs3. Such practices are estimated to cause approximately 4 million pre-mature deaths
annually and impede progress on gender equality and environmental quality goals4,5. The lack of clean
cooking is especially pronounced in sub-Saharan Africa (SSA), where the number of people without
access to clean cooking increased by almost 50% between 2000 and 20203.

The slow transition to clean cooking has received ample attention in the literature, and much work
highlights the wide variation in the pace and outcomes of this transition across regions1,6−8. To support
efforts towards achieving universal access to modern fuels for cooking, here we present the �rst open-
source, scalable and reproducible spatial tool comparing cooking solutions (OnStove), as well as its �rst
application for SSA. In terms of methodological novelty, while Geographic Information Systems (GIS)
have been widely used to support electricity access strategies and least-cost electri�cation planning9,10,
GIS has not been used to date to systematically assess and compare the relative potentials of clean
cooking solutions. OnStove can help increase understanding of how fuel availability, access to
infrastructure, and relative fuel prices change across a study area, which in turn in�uences investment
opportunities, and then inform the most appropriate promotion strategies. For policy-makers in SSA, the
use of GIS can help to clarify where transitions to improved technology are currently lagging relative to
their potentials, and thereby facilitate prioritization of greater policy and investment supports.

Here, we estimate and describe the costs and bene�ts of implementing universal clean cooking in SSA by
comparing cooking solutions over every sq. km in the region. Furthermore, we identify factors that may
inhibit or catalyze the adoption of clean cooking, such as lack of economic opportunity, issues in supply
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chains or low availability of speci�c technologies (e.g. no access to electricity). We also discuss the
technical and political options that can speed up achievement of universal access to clean cooking.

Cooking in SSA – a market failure

Our results serve to highlight the important role that critical market failures and behavioral obstacles
would appear to play in the current choice and distribution of cooking technologies across SSA. Most
people in the region still rely on traditional stoves for cooking, as externalities connected to stove-
switching (e.g. many of their health effects, the value of time saved, and environmental damages) do not
appear to be properly quanti�ed, understood, or internalized. We model two perspectives, one social and
one private. The social perspective accounts for all private bene�ts – health costs avoided and the value
of time saved, plus externalities such as greenhouse gas (GHG) emissions and health spillovers avoided.
It applies a discount rate of 3% to account for the value of all expenditures and bene�ts over time. Results
from the analysis indicate that the social optimum based on current infrastructure corresponds to a
cooking energy situation with 771 million people primarily using LPG stoves, 350 million using electrical
stoves, 13 million using biogas stoves and around 20,000 primarily using improved cookstoves (charcoal
ICS or biomass ICS) (Fig. 1a). When evaluated from a social perspective, the OnStove cost-bene�t
analysis shows that traditional biomass and charcoal stoves would not deliver the highest net-bene�t in
anywhere in the region (Fig. 1). This is in stark contrast with the current situation in SSA, where 84% of
the population relies primarily on such traditional technology3. This indicates the extreme disconnect
between the cooking options that are ideal for social well-being, and those that people are actually using.

When taking into account private bene�ts only, i.e. reduced morbidity, mortality and time spent collecting
fuels and cooking within stove-adopting households, and applying a discount rate of 15% that is more
consistent with individual time preferences, results continue to show a large disconnect between current
decisions and optimal outcomes. This supports further a claim of substantial market failure, in that
markets are not delivering solutions that would bene�t many people, as well as highlighting the severity
of behavioral obstacles to cleaner cooking. Even in this model framing, most people in the region (~78%)
should use clean cooking solutions (Fig 22), simply for the private bene�ts that these technologies
deliver. The remaining 22% would use transitional stoves such as charcoal ICS or biomass ICS. LPG is
again the most prevalent technology in the stove mix as the primary stove for around 830 million people,
followed by charcoal ICS (232 million), electricity (45 million), improved biomass cookstoves (20 million),
and biogas (8 million) (Fig 22a). The larger presence of transitional stoves in the private scenario
highlights the reality that a large share of the population in SSA would not achieve positive net-bene�ts
themselves from switching to clean solutions. Major contributors to reducing bene�ts include the
relatively low value of time (i.e. low minimum wage and (or) unequal distribution of wealth) and low
Value of Statistical Life (VSL) across many countries in SSA. Equally striking, however, is the fact that
many households in SSA who would appear to bene�t privately from using improved or clean technology
are still primarily reliant on traditional cookstoves. The fact that they do not adopt such technologies is
clear evidence that other barriers – discussed further below – remain determinant.
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ICS as transition

We included two ICS options in our analysis (biomass and charcoal) which have been classi�ed as
“improved” or transitional11. ICS have lower bene�ts than clean stoves in terms of health, emissions
avoided and time saved, but are nonetheless more e�cient than their traditional counterparts.
Furthermore, their costs are typically lower than those of clean stoves and their operation tends to be
more similar to that of traditional stoves, which limits the learning effort needed for their operation6.
These factors contribute to ICS potentially playing an important role as transitional stoves on the path to
more widespread use of clean options.   

In the optimal social bene�ts scenario, ICS would only be used in the Democratic republic of Congo, Mali,
Niger and Rwanda, by a very limited number of people (~20,000). Their low share is partly due to GHG-
emissions and the fraction of non-renewable biomass. The production of charcoal is an emission-
intensive process12 and larger shares of non-renewable biomass have an impact on the costs of
biomass. The role of these factors is further highlighted by the fact that charcoal ICS become much more
prevalent in the private bene�ts scenario, in which emissions reductions are the largest category of
bene�ts (or for charcoal, costs) omitted from the net-bene�t equation. Indeed, charcoal ICS become the
second most used stove option across SSA under this private perspective. In general, charcoal ICS is also
primarily used in countries with lower VSLs (i.e., where health bene�ts are valued less). Similarly, the
prevalence of biomass ICS in the optimal stove mix increases in the private scenario as well. Two
countries, Burundi and Malawi, have a majority of their population bene�ting the most from biomass ICS
(81 and 54% respectively). For Burundi, this is a result of the country having the lowest VSL and minimum
wage amongst the full set of countries studied. As a result, the value of reduced mortality and the
opportunity cost gained from using more e�cient technologies are comparatively low. For Malawi, the
primary reason for high shares of biomass ICS is the low fuel collection time (on average the travel time
to woody biomass is less than 6 minutes). 

Overall, these results illustrate that including a more restricted set of bene�ts, or applying lower
valuations to them, tend to result in the cheaper ICS technologies becoming more attractive. Furthermore,
time savings and health bene�ts may not always be salient to households, and particularly among
household decision-makers. Those individuals – typically male head of households – 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 – who tend to be women13. Thus, clarifying how such household
“internalities” can be reduced with use of more e�cient stoves may increase the incentive for adopting
ICS. Prior work suggests that this can be challenging, however, and that �nancial aspects – and liquidity
constraints in particular – often dominate the household decision calculus14,15. 

Achieving the potential of clean stoves requires multi-pronged interventions

Markets alone are falling dramatically to deliver on the promise and myriad bene�ts of clean cooking.
Achieving enhanced alignment between household cooking technology use and the socially, or even
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privately, optimal technology use will require concerted, coordinated policy action. In the optimal social
bene�ts scenario, virtually everyone in SSA would use clean cooking solutions, with LPG as the most
important stove option (for 68% of the population), followed by electrical stoves (31%). The latter, share
of electrical cooking, is signi�cant as the current electricity access rate in SSA is estimated to be 47.9%,16

and OnStove does not account for future improvements in electricity access. Thus, electricity is more
often the preferred solution over LPG, from a social net-bene�ts perspective, where it is available. Indeed,
integrated planning efforts that consider expanded access to universal electricity and clean cooking
would likely substantially increase the optimal share of electric cooking. 

In the scenario maximizing private bene�ts, meanwhile, LPG stoves become more competitive than
electric ones, largely because of the lack of accounting for GHG emissions, where electricity has a relative
advantage given the considerable reliance on renewable power generation in SSA. At the same time, the
total share of clean stoves decrease, as charcoal cooking is privately attractive in a number of locations.
Thus, omission of social bene�ts (i.e. spillover effects from kitchen emissions, avoided GHG-emissions
and the social costs of illness borne by the public health system) renders the bene�t of adopting clean
stoves too small to offset their higher costs for a sizeable share of the population. Externalities are a
classic example of market failure; achieving the social optimum in their presence requires either a)
subsidies that would reduce the private user costs of clean technology, or alternatively, b) taxes that
would raise the private user costs of polluting solutions. Given that the latter policy would be hard to
implement for traditional stoves and fuels that are rarely purchased, the former approach is
recommended.  

As noted above, household cooking technology choices in SSA at this time are highly divergent even from
the privately optimal technology mix. This is likely due to underdeveloped supply chains for improved and
appropriate technology17, household internalities that create a discrepancy between the bene�ts that
decision-makers perceive and the real bene�ts to household members18, liquidity constraints that inhibit
adoption of new solutions14,15, and even social in�uences whereby many people simply mimic the
behaviors of others around them, even when those behaviors are costly19. Fuel-stacking also play a role
in the challenge20,21. Addressing this complex web of factors and barriers will require coordinated
policies, interventions, and cooperation between governments and the private sector suppliers of clean
solutions17. Besides subsidies, the actions needed include information provision, social marketing that
especially targets in�uential sub-groups, empowerment of marginalized populations (particularly
women), and supply chain and market strengthening.

The urgency of correcting the market failure

The use of traditional stoves carries with it numerous disadvantages. People forced to rely on traditional
fuels often spend considerable time collecting fuel from the environment, and preparing their food. For
example, it is estimated that rural households using traditional stoves spend approximately 1.3 hours
daily on collecting biomass fuels22. This burden often falls on women and children. Much of the biomass
collected is collected in a non-sustainable manner, contributing to forest degradation, which increases net
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GHG-emissions23. Furthermore, around 700,000 deaths in Africa in 2019 where attributed to HAP24.
OnStove captures these aspects of traditional cooking by monetizing the bene�ts of time saved, avoided
emissions, and reduced morbidity and mortality from transitions to cleaner options. 

When the optimal technology is used (based on a social bene�ts accounting), the impacts of adopting
the technologies with the highest net-bene�ts in SSA amount to 463,000 averted deaths per year.
Furthermore, health costs of 66 billion USD are avoided annually. This decrease in deaths and health
costs can be attributed to the very high shares of LPG and electrical stoves, which dramatically reduce
exposures to harmful particulate emissions, and therefore result in fewer cases of disease and deaths.
With optimal technology selected solely based on a private accounting of costs and bene�ts, the number
of deaths and health costs avoided would sum up to 330,000 and 44 billion USD respectively. While this
is a signi�cant improvement from the current situation, it is considerably lower than that which is optimal
under the full social perspective. This can be attributed to the signi�cantly higher share of transitional
options that would be selected when spillover bene�ts are ignored. 

The total time saved in both scenarios averages around an hour per household and day. This similarity is
expected as cooking times are comparable among the clean stoves modeled. Furthermore, fuel-types
requiring substantial collection time (biomass and biogas) are not widely used in either scenario. This is
important as the time spent collecting fuel contributes the most to the total time used. The emissions
avoided in the social scenario amount to 315 billion MT of CO2-eq. The private scenario, while not
explicitly considering stove emissions, still leads to a decrease of emissions (210 billion MT of CO2-eq),
simply because households would still shift to much more e�cient technology under those assumptions.

In conclusion, both perspectives suggest that considerable bene�ts – health improvements, emissions
reductions and lower time spent on collecting fuels and cooking food – would result from a shift to more
e�cient technology, and these bene�ts well outweigh the resulting stove and fuel costs (Fig 3). In the
social bene�ts scenario, the bene�ts are higher across all categories, because the technologies favored
under that perspective are the cleanest and most e�cient. 

The costs of correcting market failures

The costs of the two scenarios differ considerably. While the net-investments of adopting the stove mix
delivering the highest private net-bene�ts would reach 3 billion USD per year, the net-investments of the
social perspective would amount to 7.5 billion USD per year. These costs include the costs of investing in
new stoves as well as capacity upgrades needed to allow the existing grid to sustain electrical cooking.
This can be contrasted to the annual investments needed to reach universal residential electri�cation,
estimated at 41 billion USD3. 

The largest share of costs is associated with buying fuel needed for cooking (either electricity, LPG or
charcoal). The fuel costs for the technology mix selected under the optimal private bene�ts framing
amount to 11.8 billion USD per year, which rises to approximately 14.5 billion USD for the optimal social
bene�ts technology mix. Here it is important to consider that all costs (and bene�ts) are relative to the
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baseline stove situation. Therefore, if the stove with the highest net bene�ts in a given settlement has a
lower fuel-cost than the baseline, the fuel cost in that speci�c settlement will be negative. This occurs
with adoption of biomass ICS, biogas and, in some countries, charcoal ICS and electricity. In the case of
biomass ICS and biogas this is because these stoves do not require fuel purchases, and fuel collection
costs decline relative to the traditional stoves which are less e�cient. In the case of charcoal ICS it occurs
in regions were traditional charcoal is currently frequently used, thus fuel costs are saved by switching to
more e�cient ICS stoves. In the case of electricity, it is due to low electricity costs in speci�c countries
that lead to savings relative to other purchased baseline fuels with higher costs (LPG). 

Sensitivity analysis

Uncertainty regarding the speci�c value of the many model parameters across the SSA region is
substantial, and may in�uence the results. To assess the sensitivity of results to major assumptions, a
screening of different variables was conducted. We ran 580 scenarios to assess the effects of 28
different parameters using the method of Morris25,26. This approach assesses the relative impact of
different parameters included in the full social accounting of the net-bene�t equation with regards to
optimal stove shares, and resulting bene�ts and costs. Across the different parameters assessed, several
factors are indicated as especially important (see Fig 4). This is in line with the point raised previously; it
is important to understand the bene�ts of switching to cleaner alternatives in order to correct current
market failures. For example, if households underestimate the health costs, and especially the mortality
losses, of polluting fuels use this will have a major impact on their stove choices. The parameters
selected, as well as their ranges, the method of Morris and the detailed results of the screening exercise
are described in Supplementary File C.

Ways forward to universal access to clean cooking in SSA

The divergence between private and social bene�ts of clean cooking, globally and in SSA, has been
identi�ed as a major policy challenge in previous studies, that requires concerted policy actions to
address5–7,18. That work has also highlighted the substantial heterogeneity in outcomes that arises from
different assumptions, based on empirical data, about the values of parameters that in�uence the costs
and bene�ts of various cooking energy technologies27. However, neither spatial patterns of this
divergence, nor the implications for targeted policies and interventions, have previously been
characterized. Here, we presented the �rst spatially explicit clean cooking transition tool using a cost-
bene�t 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 all of
SSA. 

Indeed, a majority of people in the region currently use traditional biomass for cooking, but the socially
optimal technologies across most locations are in fact clean stoves. Internalizing only private bene�ts,
including non-monetary aspects related to health burdens and time losses, suggests some role for
charcoal and biomass ICS cooking, but still no use of traditional stoves.  The fact that existing
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technology use in SSA is so different from this private optimum serves to highlight the fact that markets
alone are failing to provide technologies that would bene�t many millions of people in the region. 

Of course, so called transitional technologies, which are somewhat important in the privately optimal
stove mix, still impose substantial health and environmental consequences relative to the cleanest
technologies, i.e., biogas, LPG, and electric cooking. A different perspective that includes the full societal
bene�ts yields an even higher share of clean technologies (mainly LPG and electricity), and almost
completely removes transitional stoves from the set of optimal technologies. This further con�rms the
observation that the cooking market is not delivering on the promised bene�ts of a modern cooking
transition. Instead, interventions –   that address the myriad obstacles to dissemination of such
technology, and especially address the affordability challenges – are needed across all countries of SSA
in order to correct current behavioral challenges and market ine�ciencies. This challenge is especially
great in countries with low wages, severe wealth inequalities (and hence low health valuations), and lack
of infrastructure such as effective LPG distribution networks, and access to electricity. 

Education and decent employment options that raise the opportunity cost of time can also help overcome
market ine�ciencies related to time spent cooking with ineffective stoves and fuel collection. By
strengthening the economy and providing access to quality education, time would be valued more by
private individuals, who would see economic gains in �nding work relative to the money saved from
collecting fuels from the environment or using cheap, but highly ine�cient, cooking technologies. Here,
household internalities resulting from gender norms and lack of women’s empowerment and work
opportunities must also be addressed. Private and public health costs can be partly internalized with
information and behavior change interventions that raise awareness about the health effects of
traditional fuels, but economic development is also highly correlated with health valuations28. With
targeted investments and subsidies to support initial adoption, general knowledge about clean cooking
technologies and their versatility can be increased, which would in turn reduce public expenditures
needed for treating HAP-related diseases. Fully in the sphere of spillovers, there is a need to internalize the
costs of GHG-emissions by implementing carbon markets and leveraging carbon �nancing at large scale
to reduce use of polluting fuels and incentivize sustainable harvesting of biomass. 

Even so, internalizing health, time and environmental bene�ts will likely not su�ce to achieve a
successful cooking energy transition. There is a strong need for investment in complementary
infrastructure and supply chains for clean cooking solutions. In electri�ed locations, for example, we �nd
that electric cooking is more often than not the preferred clean cooking technology from a social bene�ts
perspective. Meanwhile, investments in cylinders, storage capacity, �lling plants, road network
improvement and expansions, and road and rail transport tankers are needed to scale-up the adoption of
LPG29. The high cost of biogas digesters calls for targeted subsidies to increase the competitiveness of
small-scale biogas use for cooking, at least among the rural households who can utilize that technology.
The signi�cant 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
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explicit model such as OnStove can aid in these developments by providing insights on how cooking
technologies should be scaled-up to provide universal access to clean cooking solutions.

Methods
To assess the bene�ts and costs of clean cooking in different parts of SSA we develop the �rst
geospatial cost-bene�t based clean cooking tool, OnStove. OnStove is an open-source geospatial tool
determining the net-bene�t of different cooking solutions in every settlement of a given study area. The
tool conducts a cost-bene�t-analysis, taking into account bene�ts with regards to reduced morbidity,
mortality and carbon emissions as well as time saved. The stove with the highest net-bene�t (combined
bene�ts minus combined costs) in each settlement is selected (see Fig. 5 for an overview of the
methodology). The tool currently compares seven stove-types; traditional biomass and charcoal, biomass
and charcoal ICS, LPG, biogas and electricity. The model is highly modular and enables easy exclusion of
existing technologies and inclusion of new ones.

The sections below describe the input data needed for the tool, the modeling approach used for the
current fuel shares in different settlements and the methods used in the cost-bene�t analysis. Note that
certain calculation outlined below may look different for speci�c stoves; for stove-speci�c calculations
and input values, including information on their level of spatial aggregation, please refer to the
Supplementary File B.

Inputs
OnStove’s inputs are divided into three categories: GIS-datasets, a socio-economic speci�cation �le and a
techno-economic speci�cation �le. GIS-datasets are needed in order to capture different spatial aspects
of the Area of Interest (AOI). This is important as factors such as costs and time spent collecting fuels are
spatially variable. Furthermore, certain stove options may not be suitable in speci�c areas if supply of
associated fuels is not readily accessible (e.g. electrical stoves in regions without electricity access). The
socio-economic �le contains information related to the socio-economic situation in the AOI (e.g. the total
population and share of electri�ed population). The techno-economic �le contains data on the stoves
(e.g. name of the stove, current share of market and investment costs). The techno-economic �le also
de�nes the stoves included in the analysis. If one wish to remove or add a stove to the analysis changes
have to be done here. See Supplementary File A for a list of the different GIS-datasets used in the
analysis, as well as the data entered in the socio-economic and techno-economic �les.

Base-line
For calculation of the net-bene�t equation it is important to know the current stove types in use across the
AOI. In this study the usage of different stoves have been disaggregated between urban and rural
settlements on a national basis. To do this, data from Stoner et al.30 were used. Stoner et al. estimate the
rates of cooking with different fuels globally, disaggregated to national level as well as urban and rural
settlements, between the years of 1990 and 2030. Here, we used their urban and rural values for the year
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of 2020. Unless stated otherwise, the shares of cooking fuels in each cell of the AOI is assumed the same
as the urban or rural values reported by Stoner et al. See Supplementary File B for the base-line values
used in different countries.

Governing equation
The governing equation determining which stove is used in each settlement at the end of the analysis is a
modi�ed version a prior net-bene�t speci�cation6. In that approach, the net bene�t of a cooking
technology transition is calculated as the difference between the total bene�ts and total costs resulting
from switching stoves (Eq. 1):

Net-bene�t  (1)

The calculation further speci�es the bene�ts of Eq. 1 as described in Eq. 2 (Note that all parameters are
described in monetary values):

2

Where; Morbidity is the decrease in morbidity experienced when switching stove, Mortality is the decrease
in mortality experienced when switching stove, Time saved is the time saved by switching stove, Carb is
the decrease in carbon emissions by switching and Bio are other environmental bene�ts related to the
loss of environmental services due to non-sustainably harvested biomass6. As noted by Jeuland et. al.6,
costs associated with non-sustainable harvesting are very di�cult to generalize and determine in a
spatially explicit manner. Thus, due to lack of reliable data, the Bio-parameter is omitted.

The costs in Eq. 1 are de�ned as in Eq. 36:

3

Where; Capital is the capital costs of the stove, O&M is the operation and maintenance cost of the stove,
Fuel is the fuel cost, Prog is the cost of implementing the technology (including marketing and
promotion) and Learn is the monetized value of the time it takes to learn how to use the new technology6.
In our study, we omit the Prog cost since data are limited regarding the costs of marketing and promotion,
and it is not immediately clear how they would translate into differentially higher costs for the alternative
technologies we analyze. Moreover, Learn is also omitted for similar reasons. Given these omissions, the
net-bene�ts of the various alternatives – relative to the status quo – should be considered an upper
bound that might not be fully realized in locations where intensive promotion would be needed to induce
adoption. Another way of interpreting the net social bene�ts calculated in a given location is that these
represent an upper bound on the program cost for the whole suite of interventions and complementary
investments that could be made while still allowing society to break-even from a net-bene�ts perspective.

= Benefits − Costs

Benefits = (Morbidity + Mortality + Timesaved + Carb + Bio)

Costs = Capital + O&M + Fuel + Prog + Learn
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The net-bene�t used in OnStove is thus described in Eq. 4:

Net-bene�t (4)

Different scenarios can be discussed with stakeholders to decide which bene�ts and costs to include. For
instance, one may differentiate between social and private bene�ts. The sections below outline in more
detail all of the parameters included in Eq. 4.

Bene�ts

Morbidity and Mortality
The morbidity and mortality calculations are similar in nature and we therefore describe them
simultaneously. They are included as bene�ts as cleaner cookstoves are assumed to decrease morbidity
and mortality. The sections below describe the theory used in the methodology. For speci�c input values,
please refer to the morbidity and mortality section of Supplementary File B.

We use the Relative Risk (RR) and Population Attributable Fraction (PAF) equations proposed by Burnett
et al.31 to determine the relative risk of contracting (and dying of) lung cancer (LC), acute lower
respiratory infection (ARLI), ischemic heart disease (IHD), chronic obstructive pulmonary disease (COPD)
and stroke caused by HAP. The RR is dependent on the concentration of HAP, we therefore use the 24-h
PM2.5 concentration of different stoves. The 24-h PM2.5 concentration of each stove is multiplied by an
exposure adjustment factor ( ). This factor (0.51, traditional biomass and 0.71, all other stoves) is
included to account for potential behavioral change that results from switching to a cleaner stove. This is
in line with what is used in the BAR-HAP model27.

Using the 24-h PM2.5 concentration Burnett et al. propose Eq. 5 to determine the RR associated with each

disease31

Where; RR is the relative risk associated with each disease studied (LC, IHD, COPD, ALRI and stroke), and
α, β, δ and zrf are disease-speci�c constants determined experimentally. The form of the equation ensures
that the RR increases with increasing concentration of HAP and eventually �attens out when RR reaches
a speci�c concentration (at a speci�c point it is assumed that increased concentration of HAP no longer
leads to a higher risk)31.

Burnett et al. determine the disease-speci�c constants α, β, δ and zrf by conducting 1,000 runs of their

model per disease (results for each run is reported here)31. For the purpose of the OnStove application, we

= (Morb + Mort + Timesaved + Carb) − (Capital + O&M + Fuel)
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utilize the average value of the constants for each disease across the 1,000 runs (refer to Supplementary
File B).

The RR for each disease is used in order to determine the PAF. PAF is often used to assess the public
health impacts resulting from a population’s exposure to a risk32. We determine the PAF for each stove i
and disease k, using Eq. 67.

6

Where; sfu (solid-fuel users) is the share of population not using clean cooking currently (for country
speci�c values used for sfu see Supplementary File B) and RRk is the disease-speci�c RR determined
using Eq. 6. Since the share of solid-fuel users differ between urban and rural settlements, we similarly
diversify PAFi.

Using the PAFi together with disease-speci�c 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 modi�ed versions of the equations used by Jeuland et al.6 Equations 7 and 8 give the reduced
cases (Morb) and reduced number of deaths (Mort) across the AOI resulting from fuel-switching.

7

8

Where; Population is the total population, MRk is the mortality rate associated with the disease and IRk is
the incidence rate associated with the disease, PAF0 is the PAF-value for the base-line and PAFi is the PAF-
value of the new stove. Since PAF0 and PAFi are diversi�ed between urban and rural settlements, so is
Morbk and Mortk. Eqs. 7 and 8 are calculated for each cell in the AOI, hence the population parameter
represents the population in each cell. The MRk and IRk, are diversi�ed for each country, these values are
reported in Supplementary File B.

We convert Eqs. 7 and 8 to monetary values using the Cost of Illness and the Value of Statistical
Life as described by Jeuland et al.6 Furthermore, Jeuland et al. suggest incorporating cessation
lags (CLkt) for each equation due to reduction of risk of disease not coming instantaneously after
changing to clean cooking. The �nal form of the morbidity and mortality equations are given in Eqs. 9
and 10.

PAF i =
sfu ∗ (RRk − 1)

sfu ∗ (RRk − 1) + 1

Morbk = Population ∗ (PAF0 − PAF i) ∗ IRk

Mortk = Population ∗ (PAF0 − PAF i) ∗ MRk

(COIk)

(V SL)
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9

10

Where; CL is the cessation lag (as function of disease k and time t), COI is the cost of illness (as function
of disease k), VSL is the value of statistical life, Morbk is reduced cases (of disease k), Mortk is reduced
number of deaths (as result of disease k) and δ is the discount rate. As the calculations of Morbk and
Mortk (Eqs. 7 and 8) are diversi�ed by cell, so is the values of Morb and Mort. See Supplementary File B,
for the values of the constants used in these equations.

Time saved
The time saved factor captures the costs of ine�cient cooking in terms of time expenditures, both
potential time needed for collection of fuels and time of cooking. Different fuels and stoves are assumed
to have different collection and cooking times. Similar to the calculations of reduced morbidity and
mortality, the time saved is calculated relative to the base-line.

The opportunity cost of time saved by switching stove is translated to monetary value using the
minimum wage of the country (entered by the user in the socio-economic speci�cation �le) and a spatial
wealth index layer. For the purpose of this analysis a relative wealth index available at 2.4 sq. km
resolution created by Facebook has been used33. For three countries, Somalia, South Sudan and Sudan,
Facebook has not produced a relative wealth index, thus for these countries sub-national poverty rates
are used instead.

Hosier34 computed the opportunity cost of collecting �rewood by accounting for the time required to
collect one kg of �rewood, the probability of being employed, and the wage rate. This approach was also
used by Nerini et al.35 using a factor between 0.3–0.9 to account for the cost of opportunity of collecting
�rewood in the Nyeri County, Kenya. Moreover, Jeuland et al.7 used a similar factor, the shadow value of
time, where they de�ned a low to high range of the shadow value of time between 0.1 and 0.5 of the
minimum wage. We use a factor ranging between 0.2 to 0.5 of the minimum wage (or poverty rate) to
account for the probability of a person being employed depending on parameters such as their location
and wealth. The reasoning behind altering the limits given by Jeuland et al. is to reduce the likelihood of
valuing time at levels that are too low. Hence, by using the spatial wealth index as proxy to distribute the
probability, we can diversify the opportunity cost from location to location. For stove speci�c calculations
and values for time of cooking and collection please refer to Supplementary File B.

Morb = ∑
k
(∑

5

t=1
CLkt ∗ COIk ∗ )

Morbk

(1 + δ)
t−1

Mort = ∑
k
(∑

5

t=1
CLkt ∗ V SL ∗ )

Mortk

(1 + δ)
t−1
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Carb
Carb accounts for the social environmental bene�ts connected to reduction of GHG-emissions following
stove-switch. To determine Carb, Eq. 11 is used.

11

Where;  is the social cost of carbon (USD/MT) taken from the 2021 update by the United States
Environmental Protection Agency36. This parameter, is commonly used to estimate the long term social
economic damage caused from GHG-emissions37.  is the amount of fuel used for cooking (kWh
for electricity, kg for other fuels),  is the energy content of the fuel (MJ/kWh for electricity, MJ/kg for the
rest) and  is the fuel e�ciency of the stove (%). Moreover,  is the carbon intensity of the fuel (kg/GWh
for electricity, kg/GJ for the rest) for which �ve different pollutants (carbon dioxide, methane, carbon
monoxide, black carbon and organic carbon) in combination with their 100 year Global Warming
Potential (GWP) are used38 (see Supplementary File B for emissions of each stove). 0 denotes the
baseline stove combination and,  the new stove.

Fuel use is estimated using Nerini et al.35, they estimated that the �nal energy needed for cooking a
standard meal is 3.64 MJ35. Using this value we estimate the fuel needed as described in Eq. 12:

12

The carbon intensity  of fuel , is calculated according to Eq. 13. Where  is the emission factor of
pollutant  of fuel  and  the 100 year global warming potential of pollutant .

13

For woody biomass fuels (i.e. biomass and charcoal), national factors of the fraction of non-renewable
biomass are used to only account for the emissions from non-sustainably harvested woody biomass23

(see Supplementary File B for details and national values).

Costs

Capital costs

Carb = cCO2 ∗ (fueluseo ∗ (γ0 ∗ μ0)/ϵ0 − fuelusei ∗ (γi ∗ μi)/ϵi)

cCO2

fueluse

μ

ϵ γ

i

fueluse = ∗ μ
3.64

ϵ

γi i ϵi,j
j i GWP j j

γi = ∑
j

ϵi,j ∗ GWP
j
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The capital cost is a one-time cost paid up-front to attain the new stove. It deviates from the amortized
costs used by Jeuland et al.6 as we net-out the salvage cost from the capital cost adjusting for varying
lifespans of different technologies as described in equations 14 and 15.

 - salvage (14)

Where;  represents the upfront cost of the new stove and salvage is incorporated to take into account
the varying lifetimes of different stoves, assuming a straight-line deprecation of the stove value. The
salvage cost is calculated as described by Eq. 15.

15

Where; used life is the time frame of the analysis, technology life is the stove’s total lifetime and  is the
discount rate used to discount the salvage cost of the stove to present value (see Supplementary File B
for values regarding stove life).

The investment costs are generalized for all of SSA and values for each stove are reported in
Supplementary File B.

O&M costs
The O&M costs are paid on a yearly basis during the entire lifetime of each stove. For traditional stoves,
we assume no O&M. For all other stoves we assume an O&M of 3.7 USD/year27. Moreover, O&M costs are
discounted to present value using the relevant discount rate.

Fuel cost
Fuel costs are diversi�ed by fuel and location for speci�c stove types. Charcoal is assumed to be bought
from vendors, LPG cost is diversi�ed spatially following a similar methodology as in Szabó et al.39, fuel
cost for electrical stoves is assumed to be the electricity generation cost and the cost of biogas is zero as
all biogas is assumed to be produced in-situ. The monetary cost of wood is also assumed to be zero as
all wood is assumed to be collected by the users themselves (and therefore valued through the
opportunity cost of time spent on collection, as described previously). Yearly fuel costs are discounted to
present value using the relevant discount rate. For detailed information on the fuel costs, as well as
associated calculations and values, please refer to Supplementary File B.

Limitations and future work
OnStove has several limitations that future research should aim at overcoming. Firstly, the base-line is
currently a calibration based on the work of Stoner et al30. The results of Stoner et al. are disaggregated
based on urban and rural divide, hence all urban cells have the same base-line shares of fuels, as do all

Capital = inv

inv

Salvage = inv ∗ (1 − ) ∗
usedlife

technologylife

1

(1 + dr)usedlife

dr
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rural. Future research should aim to understand in a more spatially-explicit manner how the choice of
primary stove varies, perhaps based on modeling of the spatial determinants of such choices, and how
these determinants can themselves be represented spatially. Doing so would enable a more detailed and
nuanced modelling of the base-line, which in turn would allow for better understanding of the spatial
distribution of bene�ts and costs of transitions to alternative technologies relative to that base-line. It
would similarly be useful to improve spatial understanding of other model parameters such as mortality
and incidence rates as well as electricity costs based on transmission and distribution costs.

It is important to note that OnStove does not incorporate dynamics over time. Consequently, there is a risk
of underestimating the actual importance of ICS in the scenarios, as without proper temporal
representation, the transition to cleaner options may not be captured adequately. 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 (mainly) the ICS technologies in the short- and
medium-term.

Moreover, OnStove relies on data from Bailis et al.23 to de�ne the fNRB across each country. This data is
crucial to estimate the GHG-emissions of the baseline and, therefore, the reduced emission from
switching stoves. Currently, OnStove uses a �xed fNRB value for each country that does not get affected
by changes in the demand for biomass. Such representation can be improved by increasing the spatial
resolution of the fNRB accounting for regional balances of �rewood demand and availability, leveraging
spatially explicit data from each region. This should also include a coupling of the relationship between
demand for �rewood, on the one hand, and the availability and fNRB in each cell, on the other.

Fuel-stacking is a common practice in many low- and middle-income countries. This can be due to
several reasons such as a lack of reliability of certain fuels, �uctuations in fuel prices or perceived co-
bene�ts of fuels (e.g. space heating from using traditional biomass), and cultural preferences. OnStove
does not enable modelling of fuel-stacking. This should be incorporated moving forward. Furthermore,
there are aspects of OnStove that can be further developed, e.g. emissions of certain fuels or the
expansion of the electricity network. Currently, we take into account the added capacity needed to ensure
that the increased demand of electricity from electrical cooking is met, in terms of added investments and
added emissions. However, we do not model how electricity access (via grid extension or decentralized
electri�cation) may develop. Future research should aim at soft-linking the clean cooking tool with
electri�cation tools in order to cover both of these major targets of Sustainable Development Goal 7.
Future research should also aim at better modelling affordability issues with regards to stove switching.
The stove with the highest net-bene�t is not necessarily affordable, and while relative wealth and
minimum wage have been used to determine the value of time, they are not used to account for
affordability challenges and liquidity constraints. Spatial affordability distributions can help us gain
insight on gaps that need to be addressed in order to reach the target of universal access to clean
cooking.
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Finally, though there is a clear divergence between the technologies that would be used under a socially
optimal cooking technology mix and the actual technology mix 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 (on their own or in combinations) cannot be justi�ed because their costs exceed the social
net-bene�ts of such a switch. In addition, some policy interventions may be more cost-effective than
others. Future work should consider the costs of a menu of different policies, perhaps building on the
non-spatial modeling approach presented in the BAR-HAP model40.
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Figures

Figure 1

OnStove results from a social net bene�ts perspective (i.e. including both private bene�ts and
externalities). a) bar-plot indicating the stove- split in the scenario, b) spatial distribution of stoves with
the highest net-bene�t across SSA, c) box-plot indicating the net-bene�t resulting from switching to each
stove type and d) total costs and monetized bene�ts of each stove type, note that salvage costs are
incorporated in the investment values (Investment costs = investment – salvage).
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Figure 2

OnStove results omitting social bene�ts. a) bar-plot indicating the stove-split in  the scenario, b) spatial
distribution of stoves with the highest net-bene�t across SSA, c) box-plot indicating the net-
bene�t resulting from switching to each stove type and d) total costs and monetized bene�ts of each
stove type, note that salvage costs are incorporated in the investment values (Investment costs =
investment – salvage).
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Figure 3

Total net bene�t obtained by switching stoves in every square kilometer (USD/yr) from a a) social
bene�ts perspective, b) private bene�ts perspective.
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Figure 4

Sensitivity of inputs to the net-bene�t equation. µ* is the mean of variation of output given the variation
in each input and describes how important each input variable is in relation to the assessed output
(higher values for µ* indicates higher impact). σ is the standard deviation of the variation and gives
insight into how much each parameter interacts with other parameters
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Figure 5

OnStove �owchart.
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