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Access to clean cooking and electricity are both targets of Sustainable Development Goal 7, with
uneven progress. Peer-reviewed literature and policy documents have called for more integrated
planning efforts accounting for both targets simultaneously. Here, we soft-link for the first time a
geospatial electrification tool (ONSSET) with a geospatial clean cooking tool (OnStove) to allow for
integrated planning in a case-study of Kenya. Integrated planning in this case refers to when electricity
and clean cooking access are modeled for together. In 2021, 77% of Kenyans had access to
electricity, but only 28% to clean cooking. The government has targeted universal electricity and clean
cooking access by 2026 and 2028 respectively, and the country has considerable potential for electric
cooking. Our results show how incorporating cooking demand in the electricity sector, favors
centralized options as these benefit from economies of scale. On the clean cooking side, 77% of the
population would have the highest net-benefit from adopting an electric option in the absence of
integrated planning and these shares increase to between 85 and 91% in the integrated case. We find
that an integrated approach is important for understanding the best way forward towards the

achievement of SDG 7.

Sustainable Development Goal 7 (SDG 7) aims to “ensure access to afford-
able, reliable, sustainable and modern energy for all by 2030”. While this goal
has been recognized as linked to the achievement of all SDGs"’, its
achievement has remained elusive across the targets, including the one for
universal energy access™. SDG 7 includes targets for both access to elec-
tricity and clean cooking. However, there is a large discrepancy between the
outlooks of these two targets. As of 2024, 730 million people lacked access to
electricity, and nearly 2 billion people lacked access to clean cooking’. The
access deficit is most pronounced in Sub-Saharan Africa (SSA) where
merely around 50 and 18% of the population had access to electricity and
clean cooking, respectively in 2024°.

Access to electricity and clean cooking are inherently interlinked.
Electricity is considered a clean cooking fuel and consequently as electricity
access increases so does the potential of clean cooking’. On the other hand,
electric cooking being used sparsely in many regions of the world currently
means that the electricity sector risks becoming inadequate as electric
cooking loads increase’. A way to combat this is integrated energy access
planning, where clean cooking and electricity access are planned

simultaneously. This has also been highlighted and increasingly sought by
both policy and scientific literature, with evidence of those benefits from
e-cooking literature’™"’, energy systems approaches'", and technology
solutions studies”.

The case of electric cooking is becoming increasingly strengthened as
off-grid electrification systems and electric cooking appliances are simul-
taneously becoming cheaper and more efficient™’. These developments
could potentially relax the affordability and supply barriers highlighted in
the literature. Off-grid systems becoming a more viable option for electric
cooking also opens for integrated planning, in which both electricity and
clean cooking access are planned for together. Lombardi et al. assess the
techno-economic potential for PV micro-grids to provide both electricity
and clean cooking access"”. They show that existing residential load profiles
change by incorporating electric cooking and that this leads to higher
investments for electrification, but a comparable Levelized Cost of Elec-
tricity (LCoE). They argue that the costs of cooking a meal with electricity is
competitive with LPG". Sdnchez-Jacob et al. use the Reference Electrifica-
tion Model (REM) to assess the viability of electric cooking. They reach the
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conclusion that electric cooking is cost-competitive with other types of fuels
(clean and traditional) when using the grid"*. Similarly, Lee et al. use REM to
compare the cost of electric cooking with the costs of cooking with LPG.
They suggest that electric cooking is already cost-competitive for a large
portion of the population at the current electricity cost, and that as more
people start cooking with electricity a feed-back loop leads to a decreasing
per-unit cost of electricity, further increasing its competitiveness'. The
aforementioned studies are mostly cost comparisons and do not account for
different cooking solutions having different health, time and environmental
benefits"*"”.

Here, we soft-link the Open Source Spatial Electrification Tool
(OnSSET) and the clean cooking tool OnStove to develop integrated energy
access scenarios. OnSSET is a geospatial electrification tool that determines
the costs of electrifying settlements and selects, between a number of off-grid
options and the grid, the technology-configuration which minimizes the
LCoE. OnStove is a geospatial clean cooking tool which calculates and
compares the costs and benefits of different cook stoves and selects the stove
with the highest net-benefit (total benefits minus total costs). The integrated
approach presented here enables a deeper assessment of how increased
electricity and clean cooking access interact beyond a pure cost comparison.
We apply this integrated approach on a case study of Kenya.

Kenya is lauded for its growth in electricity access over the past
decades. Between the years of 2000 and 2021, the electricity access rates
has increased from 15 to 77%’. This growth has been the result of initia-
tives such as grid densification undertaken through the Last Mile Con-
nectivity Project, providing a grid connection subsidy to households
located within 600 meters of transformers, and the Global Partnership for
Output Based Aid, seeking to electrify informal settlements'®. In 2018,
Kenya launched the Kenya National Electrification Strategy to address
barriers that still existed in the sector, among them, high costs of con-
necting households and supplying electricity to rural and peri-urban
areas, lack of incentives to attract private sector investors, and lack of
appropriate technical standards, among others. This strategy also sought
to identify areas suitable for off-grid electrification based on low electricity
demand coupled with sparse population densities. This plan led to the
Kenya Off-grid Solar Access Project, providing subsidies for off-grid
electrification using mini-grids and solar-home systems in 14 underserved
counties”’. At the time of writing around 23 million people connect to
some form of off-grid solar system in the country’. Beyond this, a small
share of the population are connected to mini-grids’.

Progress towards universal clean cooking is slower. The Kenya
Household Cooking Sector Study from 2019 indicates that 80% of the
population rely on traditional fuels for cooking to some extent. There are
considerable discrepancies between urban and rural areas, as 94% of the
rural population relies on traditional fuels, whereas the same share for the
urban population is 53%'*. The national share of three-stone open fire stoves
have decreased from 76 to 58% between 1999 and 2019, but this still con-
stitutes an increase of around 2.5 million households in absolute numbers
due to population growth'®. The stove shares collected by Nuvoni Centre for
Innovation Research in their clean cooking survey indicates a clean cooking
access rate of 28% nationally (for comparison, 2023 year’s Tracking SDG 7
report indicates 24% access to clean cooking as of 2021).

Developments in Kenya’s energy sector were realized through the
ratification of the Energy Acts of 2006 and 2019. Notably, the Energy Act
2019 mandates the development of energy plans at the county level. These
sub-national plans together with national energy plans such as the Least
Cost Power Development Plan co-created by state agencies such as Kenya
Power, Kenya Electricity Generating Company and Kenya Electricity
Transmission Company are ratified by the National Government to form
the Integrated National Energy Plan (INEP)". These two documents reg-
ulate and provide guidelines on energy planning. It is worth noting that for
the first time, according to the draft INEP framework, national and sub-
national governments are mandated to plan for clean cooking. The goal of
these plans is to fast-track the transition to clean cooking with a goal of
universal access by 2028.

Results

The impacts of an integrated approach

Integrated planning can be assumed to impact both the least-cost tech-
nology mix indicated by OnSSET and the optimal stove-mix in OnStove
(hereafter, “optimal” refers to the stove-mix with the highest net-benefit).
Here, we use the scenario prioritizing based on highest population density
and compare an integrated approach to the non-integrated one. Following
the workflow in methods, Fig. 7, equilibrium is reached after six iterations.
After the first iteration, OnStove identifies electric cooking as the choice with
the maximum benefits for 54.8 million people across Kenya in 2028. This
number decreases and eventually stabilizes around 53.0 million people at
equilibrium.

The new connections to different categories of electrification tech-
nologies are explored to assess the impacts of integrated planning for the
electricity access scenarios. In the scenario without integration, the share of
new grid connections is 62%, 9% for mini-grids and 29% for stand-alone PV.
With an integrated approach, grid rises to 72% of the new connections,
while mini-grids rise to 16% and stand-alone decrease to 12% at equili-
brium. The move away from stand-alone with growing demands is expected
as the other options benefit from economies of scale’” . Further insights
can be gained by exploring the spatial distribution of technologies (Fig. 1). In
both cases, grid connections dominate in the southern parts of the country,
where population density is high. In the northern parts, some of the set-
tlements that would otherwise have used stand-alone systems, would
instead use either mini-grids or grid connections when an integrated
approach is used. This is due to the demand increasing enough to eco-
nomically justify grid extensions with cooking loads. In both cases some
settlements with existing mini-grids would be connected to the centralized
grid by the end of the analysis. This indicates that electricity consumption in
these settlements is large enough for these mini-grids to be integrated into
the existing main-grid.

Total investments needed for 100% electrification also differs between
the scenarios. Without electric cooking, 3.3 billion USD is needed between
2022 and 2026, 79% of this for the grid, 17% for stand-alone systems and 4%
for mini-grids. The investment cost at equilibrium increases to 4.5 billion
USD (88% grid, 3% stand-alone, and 9% mini-grids). Furthermore, the
LCoE changes with cooking demand (Fig. 2). Larger demand decreases the
LCoE, especially in the north, where the relative wealth (RW) is the lowest.
This is also highlighted in the cumulative distribution functions (CDF) in
Fig. 2, which shows the biggest gaps between the LCoE-curves for the lower
quintiles.

Figure 3 shows OnStove results without integration. Four stoves
maximize net-benefits in the end year (panel a), EPC (44% of the total
population), electric hobs (33%), LPG (23%), and biogas (<1%). No other
stoves are selected here. In the northern regions of the country, LPG is
selected for the majority of the population due to lower electricity access
rates. In the southern parts of the country, electrical options are more
prevalent, especially around the major cities (panel b). Panel ¢) shows where
each stove is selected in relation to RW. LPG stoves and EPCs are important
mainly in the lower quintiles, while electric hobs are especially important in
the higher quintiles. The reason for this is due to the areas with high
population densities having higher RW and electrical hobs are favored in the
beginning of the analysis due to their longer technical life and lower
investment costs. This indicates that EPCs and LPG could potentially
benefit from subsidies as the population in the lower quintiles may otherwise
have difficulties adopting these appliances. With regards to net-benefits, all
stoves’ benefits outweigh their costs (panel d). Across all stoves, health
benefits due to lower PM, s-concentrations compared to the current stoves
are the largest benefit. For biogas stoves and the electric options, there are
fuel savings. In the case of biogas this is because fuel is assumed to be
collected, leading to zero fuel costs. For electric options, it can be attributed
high efficiencies and high LPG costs (and LPG’s significance in the current
stove mix across Kenya).

With integration, the results change (Fig. 4). 63% of the population
would get the highest net-benefit with EPCs, 25% with electrical hobs, 12%
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Fig. 1 | Spatial distribution of different electrification technologies in the sce-
narios, as well as the absolute number and percentage of new connections to each
technology-category. The left panel (a) shows the scenario with no cooking demand
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and the right panel (b) shows the integrated scenario at equilibrium when prior-
itizing clean cooking access based on population density.

with LPG, and <1% with biogas (panel a). Comparing Fig. 4b with Fig. 1b
shows how electric options take over in an absolute majority of cases where
grid and mini-grids are selected in OnSSET. With integration, the cost of
adding necessary electricity capacity is included in the calculation of the LCoE
in OnSSET. This in turn increases the fuel cost of electricity and favors EPCs
as they are more efficient than electrical hobs. This is evident by comparing
electrical options in (d) from Fig. 4 to (d) from Fig. 3. Figure 4d indicates a
smaller fuel benefit per household due to higher costs of electricity.

Across the different benefit categories included in OnStove, there are
no significant changes with integration. Regardless of integration or not
around 46,000 deaths are avoided by the transition. Costs avoided due to
reduced morbidity and mortality increase from 10.1 to 10.2 billion USD
with integrated planning. Time saved per day and household amounts to 1.5
and 1.6 h without and with integration, respectively, driven mainly by the
fact that the electric options included have lower cooking times. Contrary to
what might be expected, the integrated scenario increases the total emissions
by 5 million tonne CO,— eq. during the modeling period. As EPCs have
higher efficiencies and the electricity mix of Kenya is relatively clean, this
indicates that EPCs come later during the modeling period. If the modeling
period is expanded beyond 2028, we would likely see the emission benefits of
the integrated scenario catching up and eventually surpassing the non-soft-
linked scenario.

Effects of prioritizing differently
Figure 5 shows the main OnStove and OnSSET results while prioritizing
based on highest current costs and highest current drawbacks during the
integration. When prioritizing based on highest current costs, electric
cooking starts as the optimal solutions for 53.8 million people and drops to
51.8 million at equilibrium (fifth round). Prioritization based on highest
current drawbacks leads to equilibrium after three rounds and population
cooking with electricity drops from 56.1 to 55.5 million.

The effect of prioritization in OnStove also translates to OnSSET (Fig.
6a, b). The LCoE produced by OnSSET with the three different approaches

to prioritizing clean cooking is similar across all wealth quintiles. This
indicates that the difference in results can be attributed mainly to the order
in which settlements receive clean cooking. The OnSSET scenarios devel-
oped here assume that access is first densified (the population living in partly
electrified settlements are electrified first) and then based on lowest
investment cost per capita. Furthermore, OnStove does not allow for a
reinvestment in a cell until the stove’s technical life has reached its end. This
means that if a non-electric stove is favored due to a cell lacking access to
electricity, the population cannot switch at a later stage solely because they
now have access to electricity. See Fig. 1 in the supplementary material for
which cells receive clean cooking access in which year and their electricity
status with the different methods of prioritization.

The benefits over the modeling period for the scenario prioritizing
based on the highest current costs are comparable to the soft-linked scenario
with urban prioritization. For the scenario prioritizing based on the highest
current drawbacks, the number of deaths and health costs avoided increase
to 48,000 and 10.7 billion US,D respectively. Time saved increases to 1.7 h
per household and day, while emissions avoided is comparable to the other
integrated scenarios.

The role of EPCs

Across all scenarios, EPCs are selected, and with an integrated approach
their share increases. Previously, it has been indicated that EPCs, while being
highly efficient and clean, are sometimes incompatible with local dishes and
cooking practices”. Therefore, we develop an integrated scenario using the
urban prioritization but without EPCs, to mimic a case where other stoves
are favored.

This scenario reaches equilibrium after four iterations. The changes in
OnSSET between this scenario and the one with EPCs are negligible.
OnStove indicates that the removal of EPCs do not increase the competi-
tiveness of LPG or biogas stoves considerably (Fig. 6). Instead, the share of
electric hobs increase, as does induction hobs (a, b). When EPCs are
included, induction hobs are never selected due to them being outcompeted
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Fig. 2 | Impact on LCoE from including electric cooking. a spatial distribution of
LCoE without electric cooking, b spatial distribution of LCoE at equilibrium using
prioritization based on population density, ¢ spatial distribution of relative wealth

% of population

% of population % of population

—— No electrical cooking

and d CDFs for each wealth quintile, highlighting the difference between the LCoE in
each quintile with (blue lines) and without (red lines) electric cooking.

by the EPCs’ higher efficiencies and the electric hobs’ lower investment
costs. The fuel cost of electric hobs is positive, indicating that the stove is
selected mainly in areas where the current fuel cost is high (c). Figure 6d
indicates that electric hobs are selected mainly in the upper quintiles, while
induction hobs are selected mainly in the lower ones.

The overall benefits and costs of this scenario are comparable to the
case of having EPCs, as induction hobs and EPCs change only slightly in
terms of benefits. During the modeling period, the scenario without EPCs
has an investment cost of 432 million USD, while the one with EPCs
included and urban prioritization increases investments to 445 million
USD. The investment costs of electric stoves in this scenario, just like in the
case of the other integrated scenarios, includes only the cost of investing
directly in new stoves. The fuel cost of the scenario without EPCs is around
50 million USD higher during the modeling period.

Discussion

Connecting electricity and clean cooking planning is of utmost importance,
and has co-benefits in both sectors. However, to date, geospatial analytical
tools to connect the two beyond cost estimates were missing. In this study,
we have developed and implemented a workflow for soft-linking a spatial
least-cost electrification tool, OnSSET, with the geospatial clean cooking
tool, OnStove, to facilitate integrated energy access planning. To our
knowledge, this is the first time this type of soft-link is carried out,
accounting for both costs and benefits of an integrated energy access
assessment. This allows for planning towards both indicators included in

SDG 7.1. We have also expanded OnStove to calculate the costs and benefits
year-by-year and enable the users of the tool to select three different
approaches to increasing clean cooking access, prioritizing based on either
population density, highest current costs, or lowest current benefits.

We show that integrated planning in Kenya could increase the per-
ceived competitiveness of electric cooking. This highlights the importance of
exploring different ways of overcoming the barriers mentioned in the lit-
erature with regards to uptake of electric cooking, whether it is supply
irregularities and unavailability, affordability constraints or perceptions
regarding safety. For example, the Energy and Petroleum Regulatory
Authority estimates households in Kenya to experience blackouts totaling
25 full days during an average year™. Cooking, which needs to be done every
day and in many cases more than once a day, requires reliable supply to
enhance consumer confidence. With integrated planning some problems
arising from planning for increased electricity and clean cooking access in
silos can be avoided. For example, Nepal with its high electricity access rate is
now looking to adopt a higher share of electric cooking to relax the import-
reliance on LPG. However, due to the wiring and transformers currently
used, there is a need for considerable upgrades and rewiring of the existing
system”.

Not considering electric cooking demand in electricity models may
provide inaccurate investment insights. An integrated approach increases
the costs needed for the electricity sector from 3.3 to between 4.1 and 4.8
billion USD depending on which prioritization is used. The increase in cost
is driven by a larger share of centralized options and higher demands.
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Simultaneously, the investment cost in the cooking sector ranges between
0.4 and 0.5 billion regardless of whether an integrated approach is used or
not. It is worth noting that, depending on the number of households
adopting electric cooking, there may be a need in investments for adding
capacity. In the OnStove-scenarios that are not soft-linked this cost is not
included, while the scenarios with soft-linking rely on OnSSET’s cost of
adding new capacity. This means that the costs for OnStove most likely
underestimate the total costs needed for the transition. The cost of adding
capacity in OnSSET is incorporated into the LCoE calculations, which is
reflected by the fuel costs of the electric options in OnStove increasing with a
soft-link. While the total net-investments for both OnSSET and OnStove
increase from between 3.7 and 3.8 to between 4.5 and 5.3 billion USD, the
average LCoE for the end-user decreases with an integrated approach. The
largest decrease in LCoE is in the two lowest wealth quintiles. This shows
that targeted subsidies for electricity and electric stoves aimed towards the
poorest could benefit the progress towards both indicators of SDG 7.1.
While the analysis shows clean options to provide the highest net-benefit,
the analysis does not do any assessment on these options’ affordability. If
any of the scenarios here are to be realized there is a need for subsidies or
crediting options. With subsidies, it is important that they are targeted to
those that would benefit from them the most. This could encourage uptake
of subsidized fuels while minimizing the costs to society.

The results in Kenya highlights large benefits of transitioning to clean
cooking. The integrated scenarios avoid between 45,000 and 48,000 deaths
across the years covered in the analysis. This is lower than what is currently
estimated to be the deaths caused by traditional cooking in Kenya (21,500
deaths/year™). This can be explained by mainly two factors. Firstly, we
assume a linear increase towards clean cooking access, meaning that tra-
ditional cook stoves will still be used (to a decreasing extent) until the final
year of the analysis. Secondly, there is a cessation lag in the morbidity and
mortality calculations causing the health benefits to only be fully realized
after the fifth year following stove-switch. GHG emissions avoided range
from 44 to 53 million tonnes in our scenarios during the modeling period. In

comparison, the Ministry of Energy estimates the emissions of carbon
dioxide, methane, nitrous oxide, carbon monoxide, nitrogen oxides, and
black and organic carbon caused by current cooking practices to amount to
20.5 million tonnes of CO,-eq annually'®. Time saved across our scenarios is
around 1.6 h per household and day. The World Bank estimates that the
time of fuel collection ranges vastly between geographies (from 30 minto 6 h
a day)” and the International Energy Agency estimates that the average
collection time for cooking fuels in Kenya is around 1h per household
per day”*.

There are limitations in the work presented here that future research
should aim at overcoming. Firstly, this analysis has utilized two specific
tools, OnSSET and OnStove. This will inherently result in specific biases due
to how the tools are set up and their respective objective functions. Had
another tool or a different objective function been selected in OnSSET or
OnStove the results could have looked different. This is also true regarding
the case study. The analysis presented here is specific to the context of
Kenya. Future research should employ the method presented here (or a
similar one) to other geographies to see if the conclusions presented still
hold true. Countries with vastly different starting points in terms of elec-
tricity and clean cooking access will behave differently and the differences
between integrated and non-integrated scenarios may be more pro-
nounced. Additionally, it is important to acknowledge Kenya-specific
uncertainties, such as political priorities changing, rapid changes in elec-
tricity and clean cooking demand, price fluctuations for fuels and tech-
nologies and regional disparities that are always present in these types of
large-scale planning exercises. This could impact the goals set by govern-
ments and change the underlying assumptions that have been employed by
the authors here. Secondly, OnStove is programmed to run with a spatial
resolution of 1 km. This forces the clusters of OnSSET to be generated using
raster datasets of the same resolution. Using the resolution of 1km for
cluster generation increases the size of the clusters, which has been shown to
impact the perceived competitiveness of different technology configura-
tions in previous research [25]. In the scenarios presented here some
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settlements increase in size to such an extent that the population density
becomes too low to justify grid or mini-grid connections. This in turn risks
reducing the share of electric cooking as it is assumed that stand-alone
systems cannot sustain the additional load that comes with electric cooking
(consequently removing it as an option). Future research should aim at
running OnStove at a higher resolution or employing a different clustering
algorithm in OnSSET, minimizing the discrepancies between the tools.
Thirdly, while the integrated scenarios change electricity demand in every
iteration, there is no modeling of how the power plant mix and generation
cost of the grid changes with differing electricity demands. Future research
should aim at linking the workflow described here to a capacity expansion
model. This is especially important as fuel and investment costs in the
electricity sector are significant parameters in the cost-benefit equation.
Moreover, Kenya has a considerable share of its population currently
connected to stand-alone systems. People connected to stand-alone systems
tend to use less electricity than those connected to more large-scale solutions
and are therefore often missed in the nighttime light maps used in geospatial
tools to identify electrified populations. This portion of the population may
not see a need to change to a more centralized option in the near future and
this would impact the least-cost technology mix and the LCoE. Further-
more, this means that the investment costs given by OnSSET may be
overestimating the investments needed in these types of systems. This may
be the case especially in areas with large numbers of nomadic pastoralists,
that move often. This does however not impact OnStove or the net-benefit
equation used to select which stove maximizes net-benefits, as stand-alone
systems are assumed to not be able to supply the electricity needed to use an
electric stove. Furthermore, it is important to note that several aspects
important for estimating the likelihood of transition have not been mod-
eled. These parameters range from mobility issues and infrastructure access

to less technical issues such as household internalities and affordability.
Future research should aim at capturing these better both in geospatial
applications and also in clean cooking modeling. Also, regarding the elec-
trification analysis, a first limitation is that OnSSET minimizes LCOE as a
proxy for least-cost electrification, which does not capture delivered prices
or system-wide costs such as transmission, distribution, balancing, and
policy charges. A second limitation is that the model is implemented in
discrete time steps rather than through a fully dynamic optimization, and
therefore does not endogenize technology stock turnover or construction
lead times. Future work could complement this settlement-level screening
with system models such as PyPSA* or OSeMOSYS”, which jointly opti-
mize generation, networks, and operations over time. Lastly, future research
should aim at modeling fuel stacking in OnStove, which is currently not
possible. Stacking of stoves, especially when a clean option is stacked with a
traditional one, will affect the costs of both OnSSET and OnStove as well as
the benefits seen following stove-switch. By assuming full adoption and
disallowing mid-life switching, our analysis likely overestimates adoption of
clean stoves, overstates cost savings, and exaggerates health gains since, in
reality, many households continue to use polluting fuels alongside
modern ones.

Methods

We base our integrated approach on the soft-linking of OnSSET***"** and
OnStove”. Both tools draw from geospatial data to calculate costs (and in
the case of cooking, benefits) of reaching different access goals. OnSSET was
selected as it is, at the time of writing, the most widely used open-source
geospatial electrification tool, while OnStove was selected as it is currently
the only available geospatial clean cooking tool. See the Supplementary File
for a list of geospatial datasets used in each tool. Each tool is run first
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drawbacks, ¢ OnStove results when prioritizing based on highest current costs
showing the spatial distribution of stoves as well as population shares of each stove in
relation to the five wealth quintiles and d OnStove results when prioritizing based on
highest current drawbacks showing the spatial distribution of stoves as well as
population shares of each stove in relation to the five wealth quintiles.

separately and then soft-linked. This gives the ability to compare how
electrification and clean cooking scenarios are impacted by an integrated
approach. Both tools, the integrated approach and scenarios, are
described below.

Least-cost electrification

OnSSET’s workflow consists of two parts: first, a calibration of the Area of
Interest (Aol) and second, a least-cost electrification analysis. In the cali-
bration, the current electricity access rates and urban population are
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modeled to match input data provided by the user. The urban calibration
ensures that the estimates of urban population are accurate by classifying all
settlements with the highest population density as urban until the correct
urban rate has been reached. This is done simultaneously to a population
calibration ensuring the correct number of people inhabit the Aol. For the
calibration of currently electrified population, OnSSET accounts for three
geospatial datasets: population density, nighttime light intensity and dis-
tance to current electricity-related infrastructure (this can be either dis-
tribution transformers, medium- or high-voltage lines)*'. The electrification
calibration gives the three datasets thresholds (minimum population,
minimum nighttime light intensity and maximum distance to infra-
structure). All settlements falling within the thresholds are electrified.
OnSSET compares the electrified population as calibrated to the actual
electrification rate given by the user iteratively. If the calibration fails to meet
the actual electrification rate, OnSSET alters the thresholds to either relax or
tighten the requirements.

After calibration, OnSSET calculates the LCoE for all technology
configurations included. LCoE is defined as the lowest possible price point
for electricity that allows the system to break even during its lifetime.
Whichever technology configuration minimizes LCoE in each settlement is
chosen”. LCoE for the stand-alone technologies includes all generation
system costs (including storage), the mini-grid technologies include the
generation system costs and the necessary distribution network, while the
grid costs include the cost of extending and strengthening the grid™. We
include stand-alone PV (photovoltaics), mini-grid hydro, and mini-grid
PV-diesel hybrids as possible off-grid solutions in this study. The output of
OnSSET includes relevant information for each settlement (e.g., minimum
LCoE and the technology configuration minimizing LCoE).

Cost-benefit analysis for cooking
OnStove compares the net-benefits of different stove options across an Ao,
selecting whichever stove can provide the highest net-benefit in each sq.
km”. The net-benefit is defined as combined costs (capital, fuel, and
operation and maintenance) minus combined benefits (reduced morbidity,
mortality, emissions, and time used to collect fuels and cooking 3,
OnStove’s workflow has two main parts: calibration and net-benefit
calculations. The calibration step of OnStove is similar to the one in OnSSET.
The total, urban, and electrified populations are calibrated using different
datasets and inputs provided by the user. The population calibration is
identical to OnSSET. For urban calibration, OnStove gives the user the ability
to do it as in OnSSET or to use a geospatial representation of urban classifi-
cation directly from an external dataset. After the urban calibration, OnStove
calibrates the electrification rate to match the rate given by the user using the
same datasets as in OnSSET. The electrification calibration is a multi-criteria
analysis giving weights to population density, nighttime light intensity and
distance to closest electricity-related infrastructure (this can be either dis-
tribution transformers, medium- or high-voltage lines). The combined
weights determine the electrification rates in different cells across the Aol.
After calibration, the different parameters in the net-benefit equation
are calculated (for a detailed description of the calculations included in
OnStove’s net-benefit equation, refer to Khavari et al.”). The net-benefit is
calculated for all stoves in all cells of the Aol as long as the fuel is available
(electric and biogas stoves are not available in cells without electricity access
or biogas availability, respectively). As all benefits and costs in OnStove are
in comparison to the current situation (baseline), OnStove first determines
the current stove shares across the different cells. In this study, we use data
collected by Nuvoni for shares of different cook stoves in urban and rural
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settlements (see the Supplementary File). This data describes primary stove
shares across Kenya representative at national, urban, and rural levels. The
stoves included in the analysis are: charcoal ICS, biomass ICS, traditional
biomass, traditional charcoal, LPG, biogas, ethanol, electric pressure cooker
(EPC), electric hob-stoves and electric induction-stoves.

Integrated energy planning

We soft-link the two tools by first running OnSSET and then using selected
outputs for a subsequent OnStove analysis. After running OnStove, the
OnSSET runs are repeated taking into account which settlements maximize
net-benefits using an electric option as indicated by OnStove. The process is
detailed in the sections below.

OnSSET can be run by either explicitly selecting a demand for urban
and rural settlements or by using a geospatially diversified demand based on
other geospatial datasets. Here, we use the latter option. The datasets used to
estimate the demand are nominal GDP and poverty rates (population living
below 1.90 USD per day). We classify each one of these datasets into five
classes ranging from one to five (one for low GDP or high poverty, and five
for the opposite cases). We translate the combined scores, which also range
between one and five, to the five electricity access tiers of the Multi-Tier
Framework (MTF). Following this, we use Eq. 1 to estimate the amount of
electricity per year needed to cook per household.

E % b % 365
o

Where, E is the final energy needed to cook a meal (1.64 MJ for a household of
four”) and eff is the efficiency of the stove. The electric stove with the lowest

¢y

efficiency (and hence the highest electricity need) in our study has an effi-
ciency of ~74%. This leads to an electricity requirement of approximately 674
kWh/household/year. We add this demand on top of all settlements falling
below MTF tier 4 in the GDP-poverty classification (tier 4 or higher is
assumed to not need additional electricity to cook). The outputs from
OnSSET used in OnStove are the current electricity access rates (which
overwrites the one generated by OnStove itself), the least-cost technology
choice in different settlements and the LCoE. We use the least-cost
technology mix to estimate who can cook with electricity, assuming cooking
can only be done with a mini-grid or grid connection. The LCoE (in USD/
kWh) becomes the new fuel cost for electric stoves in the net-benefit equation.

After running OnSSET, OnStove is run. Whatever settlement that is
found to be a potential candidate for electric cooking, but where electric
cooking does not maximize net-benefits, gets their cooking requirements in
OnSSET removed after which OnSSET is re-run. This creates an iterative
process, which we repeat until equilibrium is reached. Equilibrium here
refers to a case where theload in OnSSET no longer needs altering. See Fig. 7
for an overview of the workflow.

The soft-link overcomes two issues highlighted in Khavari et al.”.
Firstly, it enables fuel cost for electricity to be spatially disaggregated based
on OnSSET-results. This in turn gives a more accurate representation of
electricity costs across electrified settlements as OnStove does not model the
transmission and distribution costs itself. Secondly, it enables a deeper
understanding of how increased electricity access could drive a clean
cooking transition. The second point is especially important as Khavari et al.
highlight how electricity has, more often than not, the highest net-benefit
when available’. OnStove does not account for increased electricity access
rates, which we overcome with the soft-link.

npj Clean Energy| (2025)1:12


www.nature.com/npjcleanenergy

https://doi.org/10.1038/s44406-025-00017-1

Article

To run the analysis, modifications are done to both tools. Both tools
build on spatial representations of population. OnSSET uses aggregated
population clusters and OnStove uses raster populations. To use the
results of one tool in the other, the population need to be geospatially
aligned. This is ensured by producing the OnSSET-cluster using the same
1 km resolution raster that is used in OnStove. This minimizes the mis-
match between the two tools. Furthermore, the previous version of
OnStove does not provide a timeline. Instead, the tool calculates the net
benefit assuming that the switch happens overnight. The missing tem-
poral dimension in OnStove creates a mismatch between the results when
compared to OnSSET, as the latter can model across several years.
Therefore, here we add a timeline to OnStove, assuming a linear increase
in clean cooking access rates each year. The order of settlements receiving
clean cooking can be prioritized three ways (prioritization methods). The
user can choose to prioritize based on highest current cost per household,
the highest current drawbacks per household or population density. Every
year is modeled separately, and as an invested stove reaches the end of its
lifetime (and only then), the net-benefit is calculated for all stoves again,
giving the possibility to change stoves. Hence, a different prioritization
may influence the final stove mix simply due to electricity access reaching
a specific settlement after clean cooking access.

Scenarios
We explore different scenarios aimed at increasing understanding around
the developments done in OnStove and potential clean cooking pathways
for Kenya. In all scenarios, the start year is 2021 (first results are therefore
produced for 2022) and we assume that Kenya reaches universal electricity
and clean cooking access by 2026 and 2028, respectively, as aimed for in
their national policies. The scenarios are all run first without a soft-link and
then with a soft-link to assess the differences in results. For each one of the
prioritization methods included in OnStove one scenario is developed. As
previous research has indicated that Electric Pressure Cookers (EPCs), while
being highly efficient and clean, are sometimes incompatible with local
dishes and cooking practices™, a scenario without EPCs using the popula-
tion density prioritization is also developed to mimic a case in which other
alternatives are favored over EPCs. The four scenarios are:
* Clean cooking reaches first those areas with the highest population
density.
¢ Clean cooking reaches first those areas with the highest current costs.
* Clean cooking reaches first those areas with the highest current
drawbacks.
* Clean cooking reaches first those areas with the highest population
density, but without EPCs.

Data availability
All the data to support the findings is presented and summarized in the
supplementary information.
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