
A comprehensive analysis of cooking solutions 
co-benefits at household level: Healthy lives 
and well-being, gender and climate change
breras 
Javier Mazorra, Eduardo Sánchez-Jacob, Candela de la Sota, Luz Fernández, Julio Lum
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Co-benefits of an ICS intervention are
determined through a comprehensive
analysis.

• Results evidence advantages in all as-
pects but with heterogeneous results.

• Gender (SDG 5) and climate change
(SDG13) co-benefits were significant.

• Health co-benefits (SDG 3) have been
very limited.

• “Making the clean available” strategy
seems the most adequate for urban
contexts.
a b s t r a c t
Three billion people (N40% of the world's population) lack access to clean cooking solutions, including 2.5 billion
people that still rely on the traditional use of biomass for cooking. In urban contexts, the rate of access to clean
cooking solutions is normally higher than in rural contexts due to greater availability of these solutions. The rel-
evance of providing access to clean cooking solutions (SDG 7) is linked to several associated co-benefits that con-
tribute to a wide range of Sustainable Development Goals (SDGs). Therefore, this paper shows a comprehensive
analysis of multiple co-benefits of a clean cooking solution intervention. Health (SDG 3), gender (SDG 5) and cli-
mate change (SDG 13) co-benefits were analysed and compared through a cost-benefit analysis using a compre-
hensive approach in a case study in the Casamance Natural Subregion, located in Western Africa. The most
important co-benefits were related to gender (SDG 5), representing 60–97% of the total economic benefits. Cli-
mate change co-benefits (SDG 13) were also relevant, representing 3–40% of the total economic benefits. Health
co-benefits (SDG 3) were very limited for this case study, representing b1% of the total economic benefits. Con-
sidering these results, implications for urban settings were discussed in the light of the “making the available
clean” or “making the clean available” strategies.
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1. Introduction
In 2015, the United Nations General Assembly adopted the 2030
Agenda for Sustainable Development and its 17 Sustainable Develop-
ment Goals (SDGs) (United Nations and General Assembly, 2015).
SDG 7 “Ensure access to affordable, reliable, sustainable andmodern en-
ergy for all” recognises the role of clean cooking to address energy pov-
erty and ensure sustainable energy security for billions of people. But
there are numerous and varied synergies between cleaner cooking solu-
tions and the other SDGs such as SDG 3, “Ensure healthy lives and pro-
mote well-being for all at all ages”, SDG 5, “Achieve gender equality and
empower all women and girls”, and SDG 13, “Take urgent action to com-
bat climate change and its impacts” (Nerini et al., 2018).

In fact, lack of access to modern energy sources is currently a limita-
tion to economic and social development worldwide, especially in low-
andmiddle-income countries. It is estimated that about one billion peo-
ple (13% of the world's population) lack access to electricity and that
three billion people (N40% of the world's population) lack access to
clean cooking solutions (IEA et al., 2018), including 2.5 billion people
that still rely on the traditional use of biomass for cooking (IEA,
2017b). This situation produces a wide range of health impacts (Desai
et al., 2004;WHO, 2006, 2016a) and between 2.6 and3.8million prema-
ture deaths per year caused by household air pollution (HAP) (HEI
Household Air Pollution Group, 2018; WHO, 2018b).

In urban settings, the percentage of households with access to clean
cooking solutions is normally higher than in rural settings. Conse-
quently, most of the researchers and studies on cleaner cooking solu-
tions were focused on the rural context. In this case, residents have
less options to collect free firewood but more access to commercial
fuels, both traditional and modern. Population agglomeration and bet-
ter transport infrastructures allow for a quick development of distribu-
tions network formodern fuels, and higher income and educationmake
clean fuels more affordable and desirable (Putti et al., 2015; Westphal
et al., 2017). Worldwide, 32% of the population in rural areas have ac-
cess to clean cooking solutions, and 83% in urban areas. However,
there are very high regional disparities on access to clean cooking solu-
tions (IEA et al., 2018). For example, in sub-Saharan Africa, the propor-
tion of access is 68% in urban areas and 12% in rural areas in Southern
Africa and 12% in urban areas and 1% in rural areas in West Africa
(WB, 2014). Moreover, emissions from the use of solid fuels for cooking
are major sources of urban particulate matter with an aerodynamic di-
ameter of b2.5 μm (PM2.5) concentration in Africa (Karagulian et al.,
2015), which causes a similar number of premature deaths per year as
those caused by HAP (WHO, 2018a).

Therefore, cooking has been recognised as one of the most urgent
energy challenges both in rural (Rahut et al., 2016) and urban spaces
(Westphal et al., 2017) in Africa. To address this, a wide range of solu-
tions exist to support cleaner cooking that should be available in
terms of physical access, reliability and affordability. There are essen-
tially two strategies that encompass all of these solutions: “making the
available clean” and “making the clean available” (Smith and Sagar,
2014). The first one consists of making themost accessible fuels, mainly
wood and charcoal, cleaner, whereas the second consists of making
clean fuels, mainly gas and electricity, more accessible to most of the
population.

Regarding the strategy of making the available clean, there are hun-
dreds of improved biomass cookstoves (ICS) models (CCA, 2019) that
can be classifiedwith aMulti-Tier Framework, according to their perfor-
mance in indoor air quality, energy efficiency, convenience, safety, af-
fordability and variations in heat rate due to fuel quality (Bhatia and
Angelou, 2015; ISO, 2018). Most common models with solid fuels are
conventional cookstoves or old generation ICS, ICS with chimney, ICS
with insulation, gasifier stoves, advanced charcoal stove, pellet stoves
and forced air cookstoves. However, it is difficult to reach the best per-
formance in air quality using solid fuels (CCA, 2019). The best available
technology is gasifier stoves, that converts biomass into a combustible
gas using a two-stage combustion process, but they do not always
meet household's preferences (Sambandam et al., 2015; Njenga et al.,
2016; Clark et al., 2017; Kersten et al., 2017), demostrating that the
cleanest technology is not always what is most acceptable.

Regarding the strategy of “making the clean available”, gas and elec-
tricity are themain considered resources. On one hand, liquefied Petro-
leum Gas (LPG) is the primary modern fuel globally, and it is used by
roughly one-third of households in low- and middle-income countries,
being dominant in urban areas (53%) (Putti et al., 2015). Many pro-
grams were developed worldwide to extend LPG use, leading to a rate
of 90% substitution in urban areas (IEA, 2017a). International institu-
tions such as the Clean Cookstove Alliance (CCA, formerly known as
the Global Alliance for Clean Cookstoves (GACC)), the World LPG Asso-
ciation or the Global LPG Partnership are strong advocates of this fuel.
However, in most African countries its expansion has come at the ex-
pense of high subsidies that are difficult to maintain in the long term
(IEA, 2014). On the other hand, the proportion of electricity use as a pri-
mary resource for cooking is very low in low- andmiddle-income coun-
tries, and it is concentrated in urban areas, due to its high cost and lack
of access in rural areas, with 5% in urban areas compared to a 2% in rural
areas (Putti et al., 2015). However, access to electricity in these coun-
tries has recently begun to accelerate, surpassing population growth
for the first time in sub-Saharan Africa (IEA et al., 2018). The incorpora-
tion of a greater demand for electricity for cooking in some contexts can
generate synergies with the extension of the electric grid, altering the
modes of electrification and reducing the cost of electricity supply in un-
served areas (IEA et al., 2018; Lombardi et al., 2019). This can also con-
tribute to improve the supply of energy in terms of capacity, hours of
service, reliability, quality and affordability, which in terms of the
Multi-Tier Framework for electricity means moving from levels 1–3 to
levels 4–5 (Bhatia and Angelou, 2015), which will allow for the deploy-
ment of productive uses and economic returns (Boie et al., 2018).

Despite the growing availability of cleaner cooking solutions and the
large number of potential co-benefits associated with clean cooking
(GACC, 2015a; Kofi Amegha and Jaakkola, 2016), there aremany factors
preventing their dissemination and adoption, and limiting their im-
pacts. Some of these factors include household characteristics, knowl-
edge and perceptions, finance, tax, subsidy, market development,
regulation, legislation, and policy (Rehfuess et al., 2014).

Moreover, although numerous studies show different co-benefits
from access to clean cooking solutions in low- and middle-income
countries, most methodologies and studies address only one or two
co-benefits, mainly environmental and health co-benefits (Akbar et al.,
2011; Jeuland and Pattanayak, 2012; Anenberg et al., 2013; Johnson
and Chiang, 2015; WHO and Scovronick, 2015). Other studies incorpo-
rate gender analysis as an additional element (Putti et al., 2015; WHO,
2016a) or economic costs and benefits, but on global scale (Hutton
et al., 2006; Hutton et al., 2007; Jeuland et al., 2015; Jeuland and Tan
Soo, 2016). Therefore, there are few studies that incorporate most out-
comes and their relationships. In this context, a systemic approach is
needed to better understand the synergies between the potential co-
benefits and trade-offs of clean cooking solutions (Ruiz-Mercado and
Masera, 2015; Rosenthal and Chambers, 2017).

The aim of this paper was to carry out a comprehensive analy-
sis of the multiple co-benefits obtained through a cooking solution
intervention to strengthen the evidence, raise awareness and in-
crease political will to overcome the challenges of disseminating
cooking solutions that are already available. Therefore, a frame-
work was developed based on the review of co-benefits of cooking
solutions on SDGs and the impact areas developed by the GACC
(2015b). Afterwards, a cost-benefit analysis was applied to a
case study in the Casamance Natural Subregion, located in West-
ern Africa, addressing the co-benefits for health (SDG 3), gender
(SDG 5) and climate change (SDG 13). The findings are used to
discuss the implications that the same type of intervention could
have in urban contexts.



2. Co-benefits of cooking solutions on SDGs

Access to clean cooking solutions in low- and middle-income coun-
tries (SDG 7) has several co-benefits and could contribute to a wide
range of SDGs (GACC, 2015a; Kofi Amegha and Jaakkola, 2016). First,
it has been widely recognised as one of the main strategies to reduce
the burden of HAP (SDG 3) in low- and middle-income countries
(WHO, 2006, 2008; Cordes and GACC, 2011). In addition, there are
clear co-benefits related to gender aspects (SDG 5) and to climate
change (SDG 13) (WHO, 2016a).

2.1. Co-benefits on health and wellbeing (SDG 3)

The main pollutants emitted during solid fuels burning are carbon
monoxide (CO), particulate matter (PM) and nitrogen dioxide (NO2).
These emissions result in high levels of HAP producing different health
impacts. These impacts are mainly acute lower respiratory infections
(ALRI) among children under 5, chronic obstructive pulmonary disease
(COPD) amongmen andwomen aged30 years and above, and lung can-
cer (Desai et al., 2004). This causes between 2.8 and 3.6 million prema-
ture deaths (HEI Household Air Pollution Group, 2018; WHO, 2018b)
and 110 million disability-adjusted life years with an estimated cost of
this health impacts between 3 and 57 billion dollars (Putti et al.,
2015). Other common health problems associated with HAP are cata-
racts, asthma, tuberculosis, adverse pregnancy outcomes, depression,
bacterial meningitis, headache and eye irritation (Putti et al., 2015). Im-
proved cookstoves using solid fuels reduce CO and PM concentrations,
but levels tend to remain higher than WHO guidelines (Quansah et al.,
2017).

2.2. Co-benefits on gender (SDG 5)

Lack of access to clean cooking solutions is experienced differently
and more severely by women (UNIDO and UNWOMEN, 2013), due to
their role as household energy managers in most low- and middle-
income countries (Lambrou and Piana, 2006). Related to their role,
women mainly suffered the associated burden of HAP, as during
cooking time, women are more widely exposed to pollutants than
men (Okello et al., 2018). In this regard, women are the principal bene-
ficiaries of health co-benefits related to HAP reductions (WHO, 2016a).

In addition, the adoption of improved or clean cooking solutions re-
duces fuel consumption (Ochieng et al., 2013). This reduces the time
needed for fuelwood collection and the associated cost when fuel is
bought (Putti et al., 2015; Jeuland and Tan Soo, 2016). Moreover, the
adoption of these kind of cooking solutions results in a reduction in
cooking time. Depending on the country, fuelwood collection and
cooking time add up to an average of 5 h per day (Putti et al., 2015).
Women disproportionally suffer this “time poverty”, leading to a reduc-
tion in leisure time or opportunities for market employment, and rein-
forces gender inequality.

2.3. Co-benefits on climate change (SDG 13)

The relationship between clean cooking and climate change, espe-
cially for Greenhouse Gas (GHG) mitigation, has been widely
established (Johnson et al., 2009; Akbar et al., 2011; Grieshop et al.,
2011; Lee et al., 2013; GACC, 2014; Simon et al., 2014; Bailis et al.,
2015; Putti et al., 2015; WHO, 2016a). The use of solid fuels for cooking
is responsible for 1.5–3% of the total global GHG emissions (Bailis et al.,
2015; Putti et al., 2015), and it highly depends on the renewability and
sustainability of the wood use (Bailis et al., 2017). In addition, several
short-lived climate pollutants, mainly black carbon (BC) are co-
emitted. It is estimated that between 20 and 25% of total BC emissions
are produced from burning solid fuels (Lamarque et al., 2010; Putti
et al., 2015), thus cooking solutions could play a key role in mitigation
actions related to BC (GACC, 2014; de la Sota et al., 2017).
3. Methods

3.1. Case study: improved cookstoves in the Casamance

During 2012–2014, the Spanish NGO “Alianza por la Solidaridad”
installed ICS in 5298 households in the Natural subregion of Casamance,
located between Senegal, The Gambia andGuinea Bissau. 1781 ICSwere
installed in households using traditional three stone fires in Senegal,
along with 2809 in The Gambia, and 708 in Guinea Bissau. Two locally
produced rocket cookstoves without chimneys were installed in each
household; the Noflaye Jeeg and Noflaye Jaboot stoves (with the same
design, but with different sizes, to adapt to the local cooking practices).
Although these stoves have been already analysed both in the labora-
tory and in the field (de la Sota et al., 2018, 2019), they have not been
evaluated per the ISO protocol (ISO, 2018), so no official Tier can be re-
ported (CCA, 2019).

3.2. Study design and household selection

Field data collection (data collected are presented on Table 1) was
conducted in six villages; two in each country (Colondito Fouta and
Diyabougou in Senegal, Ker Ardo and Brikama Ba in The Gambia,
Sissaucunda Samanco and Helacunda in Guinea Bissau) between Janu-
ary 2013 and March 2013, using a “before and after” design. The village
selection was done in collaboration with the NGO and local partners,
and it was based on both socio-economic factors and fuelwood and
stove use in order to have all representative typologies of villages
from the area.

The sample size calculations were based on estimated PM2.5 reduc-
tions for an improved cookstove without a chimney, as described in
Edwards et al. (2007). The calculation resulted in a sample size of 66
households.

Researchers made an initial visit to the selected villages to explain
the objective and schedule of the study and to identify households will-
ing to participate. The first phase of the study involved baseline mea-
surements while using traditional cookstoves. Next, households
received the improved cookstoves and few weeks later, the team
returned to perform measurements after the improved cookstoves in-
stallation (second phase). The two phases of the study were performed
within an8-week period tominimize variation of seasonal conditions or
other changes impacting household characteristics likely to change over
time.

3.3. Study approach and methods

A framework was developed based on the review of co-benefits of
cooking solutions for SDGs, presented in Section 2 and on the impact
areas developed by the GACC (2015b) (Fig. 1).

Based on the framework developed (Fig. 1), different methods were
used to determine the co-benefits for SDG 3, SDG 5 and SDG13. Next, all
co-benefits were integrated and compared in economic terms through a
cost-benefit analysis (CBA) at household level. Costs consisted of invest-
ment and replacement cost for the ICS, including installation. Table 1
presents methods and sources of information to determine all co-
benefits.

Following sections provide detailed explanations ofmethods used to
determine each co-benefit, as well as methods used for the cost-benefit
analysis.

3.4. Health impacts (SDG 3)

The pollutant-based approach through exposure-response functions
was selected to determine environmental burden of disease from HAP
(Desai et al., 2004). HAP was determined by continuous measurements
of CO (EL-USB-COmonitor of Lascar Electronics Ltd., UK) and PM2.5 (IAP
Meter 5000 Series of Aprovecho Research Center, OR, USA)



Table 1
Methods applied to determine different co-benefits.

Methods and sources of information to determine the co-benefits Cost-benefit analysis (CBA)

SDG Co-benefit Variable Method Data source CBA Variable Sources of information

SDG
3

Reduction on health
impacts

Averted
cases of

COPD and
ALRI

Pollutant-based approach through
exposure-response extrapolations

HAP data from de la Sota
et al., 2014

Epidemiologic studies due
to HAP from solid fuels
combustion (Desai et al.,

2004)

Monetary value
of time saved
from averted

cases

Disease severity, recovery time
and workdays lost per illness for

AFR-D WHO sub-region
Shadow salary

Reduction in
health spending
due to averted

cases

Disease severity, recovery time
and workdays lost per illness for

AFR-D WHO sub-region
Survey and interviews with

responsible of health centres on
the area

SDG
5

Fuelwood savings
Fuelwood

consumption
Calculation of fuelwood consumption

On-site measurement of
fuelwood used per day

Cost avoided by
those families
that pay for fuel

Market price of fuelwood
kilogram based on surveys and

data provided by the
implementing NGO

Changes in fuelwood
collection and

cooking patterns and
habits

Gender roles
and practices

Analysis of information from questionnaires

Questionnaire to women in
charge of cooking activities
and heads of households

On-site observation

Co-benefit not
included in the

CBA

Information gathered was used
as an input for the CBA analysis.

Time savings

Time saved
on gathering
fuelwood Analysis of information from questionnaires Questionnaire

Monetary value
of time savings

Shadow price of the fuelwood
based on the shadow salary

Cooking
time savings

Shadow salary

SDG
13

GHG emissions
reduction

CO2-eq
reduction

“Small-scale methodology: energy efficiency
measures in thermal applications of

non-renewable biomass” (UNFCCC, 2016)
“Gold Standard approved large-scale

methodology V.01, Improved cookstoves and
kitchen regimes” methodology (Gold

Standard, 2010)

Questionnaire
Fuelwood savings

International databases

Value of
Certified
Emission
Reductions
(CERs)

Price of CO2-eq reduction ton
concentrations for a 24-hour period before and after the installation of
the improved cookstoves. More information about HAP data collection
methodology can be consulted in de la Sota et al. (2014).

ALRI among children under 5 years old and COPD among men and
women aged30 years and abovewere determined, as there is strong ev-
idence of their relation with HAP (Desai et al., 2004) and averted cases
for these diseases are recommended for studies related to household
Fig. 1. Associated co-benefits of the adoption and use of a
energy and health interventions (Hutton et al., 2006; Malla et al.,
2011; Aunan et al., 2013).

Exposure-response regression coefficients are not widely available
for low- and middle-income countries, especially those related to stud-
ies of HAP. Therefore, data from epidemiologic studies due to HAP from
solid fuels combustion were used (Ezzati and Kammen, 2001a, 2001b;
Aunan and Pan, 2004; Jiuchang et al., 2009; Aunan et al., 2013). Data
cooking solution for the SDGs and their relationships.



for ALRI and COPD incidence, deaths, disability adjusted life years
(DALY's) were obtained from the Global Burden of Diseases, Injuries
and Risk Factor Study 2010 (IHME, 2010a, 2010b, 2010c; Lozano et al.,
2012), with the exception of the ALRI incidence data (Rudan et al.,
2004).

3.5. Fuelwood obtention and consumption and cooking patterns and habits
(SDG 5)

Information about fuelwood obtention and cooking patterns and
habits was collected through questionnaires before and after the instal-
lation of the ICS. Questionnaires complied with the recommendations
established by GACC and ICRW (2016) guidelines.

Questions related to fuelwood obtention revealed whether fuel-
wood was gathered or bought, and, in case of the former, the gender
roles related to this activity, the time needed to cover family needs
and how fuelwood was transported from the gathering point to the
household. Related to cooking patterns and habits, the questionnaire
asked about gender roles, the number of times cooking took place per
day and the time needed for cooking every day.

Based on these data, an average time saved in cooking and fuelwood
collection was calculated for each country comparing data prior to and
after the installation of ICS.

In order to obtain data regarding fuelwood consumed per day,
women were asked to show the interviewers the amount of firewood
used in a day, which was measured using a digital scale of 0–30 kg
range with 1 g resolution. This information was collected before and
after the installation of the improved stoves to determine fuelwood
savings.

Fuelwood consumption, gathering time and cooking timewere sum-
marized as arithmetic means (Am) and standard deviations (sd). The
Kruskal–Wallis test, the non-parametric equivalent of the one-way
analysis of variance, was used to test for differences on fuelwood con-
sumption, gathering time and cooking time before and after the instal-
lation, respectively. In addition, the Kruskal–Wallis test together with
the Fisher's Least Significant Difference (LSD) test was used to test for
differences between countries and villages.

3.6. Climate change mitigation (SDG13)

To determine GHG emissions, the methodology “Energy efficiency
measures in thermal applications of non-renewable biomass” (UNFCCC,
2016) was used to establish if the biomass used for cooking in the
area was renewable or not. This methodology establishes that biomass
renewability can be determined by asking the local population about
their perceptions on changes during the last five years, regarding as-
pects such as an increment in time and distance to find fuelwood, in
the price of the fuelwood and changes in the type of fuelwood.

After proving non-renewability of biomass used, the GHG emissions
reduction was determined using fuel savings data, following the “Gold
Standard approved large-scale methodology V.01, Improved cookstoves
and kitchen regimes”methodology (Gold Standard, 2010) as it is applica-
ble to cookstoves projects, regardless of the scale.

3.7. Cost-benefit analysis

3.7.1. Approach and assumptions
The cost-benefit methodology follows both the WHO guidelines

(Hutton and Rehfuess, 2006; Hutton et al., 2006; Hutton et al., 2007)
and recommendations from similar studies in other locations
(Habermehl, 2005, 2007, 2008; García-Frapolli et al., 2010; Malla et al.,
2011).

The following assumptions were taken to conduct the analysis: i) a
reference period of ten years (2014–2024) discounted by 3% per year
(Habermehl, 2005, 2007, 2008; Hutton and Rehfuess, 2006; Hutton
et al., 2006), ii) the number of stoves used, fuelwood price and efficiency
of the stove in terms of fuelwood savings were considered to remain
constant over time, according to data provided by the project team
based on the pilot experience results, iii) the stove usage rate among
users of the stoves was considered 95%, also according to data provided
by the project team based on the pilot experience results and iv) the
stoves would be completely replaced once the product life is reached.

According to stoves' manufacturer data, Noflaye Jeeg and Noflaye
Jaboot have a life span of 5 and 6 years, respectively. Since these data
were not confirmed in real conditions, and in order to give a conserva-
tive estimate, for this study it was assumed that the product life span
may vary from 2 years (information confirmed by the implementing
NGO based on previous experience), to a maximum of 5–6 years, as
claimed by the manufacturer. Considering this, three scenarios were
created to analyse costs of the ICS during the reference period and the
CBA results (2, 4, and 5 years; S1, S2 and S3 respectively).

3.7.2. Determination of costs and benefits

3.7.2.1. Determination of costs. The cost of the ICS was provided by the
manufacturer and includes transport and installation costs. In addition,
the replacement cost was calculated taking into account the whole
range of the different life spans. This implies a variation from one to
four replacements for both models over the 10-year reference period.

3.7.2.2. Determination of benefits
3.7.2.2.1. Economic valuation of time per country: shadow salaries.

First, to calculate the shadow salary for each country the following
WHO recommendations (Hutton and Rehfuess, 2006) were used:
i) use of the Gross National Income (GNI) per capita, ii) assign the
same economic value to time used by women and men in order to
avoid favouring those with higher income, and especially men com-
pared to women, iii) transform the GNI per capita into daily and hourly
data, based on of 230 days per year and 10 h of work per day, and iv)
consider that the value of time is the same as labour cost.

In addition, two alternative options were considered to estimate
productive time. First, the economic value of the saved time obtained
by families with the improved cookstoves installation was applied, re-
gardless of what individuals do with that time, considering that 100%
of the saved time had an economic value (Hutton and Rehfuess,
2006). This allowed for studying the division of labour for both
women andmen between paid work and unpaid care and reproductive
work and its effects on gender equality. Secondly, the economic value
was only applied when it was used on productive activities (such as ag-
ricultural activities, participation in communal activities or income gen-
eration activities) considering that only 50% of the time saved had an
economic value (Habermehl, 2007, 2008). Considering this, all eco-
nomic benefits related to time savings and the CBA results were
analysed for these two options.

3.7.2.2.2. Economic valuation of health benefits (SDG 3). Economic val-
uation of health benefits was based on the averted cases following the
same procedure for ALRI and COPD. Disease severity, recovery time
and workdays lost were obtained from the WHO guidelines on costs
and benefits for health interventions at global and regional level
(Hutton et al., 2006) for the AFR-D subregion. Time available from
averted cases was valued using the shadow salary, considering that
50% of cases are treated and that 50% of a work day time is used to
take care of a sick child with ALRI (Hutton et al., 2006). Health expendi-
ture reductionswere calculated as non-incurred health care costs. These
costs were obtained from surveys and interviews with health centres
authorities in the area.

3.7.2.2.3. Economic valuation of fuelwood and time savings (SDG 5).
The economic valuation of fuelwood savings was obtained based on
the average quantity of fuelwood savings by country, taking into ac-
count the way fuelwood was obtained. When fuelwood was gathered,
the monetary value of time savings was obtained using a shadow
price of the fuelwood. This shadow price was determined based on



Table 2
Averted cases of ALRI, COPD and deaths by country per year per 1000 inhabitants.

Country

Averted cases per 1000 inhabitants

DeathsALRI COPD in women N

30 years old
COPD in men N30 years
old

Senegal 25.69 0.92 0.91 0.04
The Gambia 4.15 0.68 0.57 0.07
Guinea Bissau 0.71 0.08 0.05 0.05
the shadow salary and the time needed to gather a kilogram of fuel-
wood, as obtained through the questionnaires. When fuelwood was
bought and transport was paid, avoided costs were obtained using the
market price of fuelwood and the transport price obtained from the
questionnaires and data provided by the implementing NGO. The eco-
nomic valuation of cooking time savings was obtained based on the av-
erage cooking time savings by country and the shadow salary.

3.7.2.2.4. Economic valuation of GHG emissions reduction (SDG 13). In
order to value the economic benefits due to the carbon dioxide equiva-
lent (CO2-eq) reduction, as a result of the implementation of the ICS, an
average market price of one ton of avoided CO2-eq of US$11 was used.
This was the average price during the year prior to the study (2012) of
a CO2-eq ton certified through the Gold Standard methodology on the
voluntary market (Ecosystem Market Place 2013).

3.7.3. CBA calculations
Once costs and benefits were determined, CBA results were deter-

mined through the payback period at household level and the net pres-
ent value (NPV) and the cost-benefit relation at project level
(Habermehl, 2005; García-Frapolli et al., 2010). Results are presented
in the following section.

4. Results and discussion

4.1. Health impacts (SDG 3)

Estimated averted cases of ALRI, COPD and deaths were determined
using the change on the 24 h mean PM2.5 indoor concentration in each
country from de la Sota et al. (2014) and applying the pollutant-based
approach through exposure-response functions (Table 2).

As reported on de la Sota et al. (2014), reductions in 24hmean PM2.5

indoor concentration were significant (40%–60%). However, concentra-
tions after the installation of the ICS were still between 5 and 20 times
greater than WHO Guidelines for PM2.5. Exposure-response functions
for PM2.5 have a highly non-linear character and concentrations in this
study were on the asymptotic part of the function (WHO, 2014). Thus,
Table 3
Daily fuelwood consumption before and after the ICS installation and average daily fuelwood s

Country Village

Daily fuelwood consumption
(kg/household·day) (n = 66)

Before the ICS (Am ±
sd)⁎

After the ICS (Am
sd)⁎

Senegal
Colondito Fouta 12.50 ± 2.29 6.94 ± 1.33
Diyabougou⁎⁎⁎ 26.67 ± 4.58 9.70 ± 1.99

Mean 19.58 ± 8.09 8.39 ± 2.18

The Gambia
Ker Ardo 9.50 ± 3.16 4.31 ± 1.51

Brikama Ba 10.13 ± 1.64 5.14 ± 0.75
Mean 9.81 ± 2.45 4.72 ± 1.25

Guinea Bissau
Helacunda 11.64 ± 1.75 6.05 ± 1.64

Sissaucunda Samanco 10.68 ± 2.48 5.75 ± 1.34
Mean 11.16 ± 2.15 5.95 ± 1.46

Mean⁎⁎ 13.48 ± 6.47 6.44 ± 2.27
Mean (except Diyabougou)⁎⁎ 10.95 ± 2.43 5.70 ± 1.57

⁎ Am= arithmetic mean, sd = standard deviation.
⁎⁎ Significant variation (p b 0.05; Kruskal-Wallis tests).
⁎⁎⁎ Different group on fuelwood savings (p b 0.05; Fisher's Least Significant Difference (LSD) t
although large reductions in concentration were obtained, they do not
produce large reductions on health risks from HAP. In order to obtain
significant reductions in health risks, concentrations should have been
reduced to the World Health Organisation (WHO) interim air quality
target for PM2.5 (WHO IT-1) or below (WHO, 2014; Bruce et al., 2015).

Therefore, results showed very limited health co-benefits, so other
solutions to reduce PM2.5 concentrations further should be explored.
Regarding the strategy of “making the available clean”, WHO guidelines
advocates for programs focusing not only on the stove, but also on its lo-
cation within the household and on the design and ventilation of the
kitchen, together with education to minimize personal exposure to pol-
lutants in order to improve health co-benefits (WHO, 2016b). To evalu-
ate the case of the “making the clean available”, it is necessary to
consider the stove and fuel performance.

The first strategy (“making the available clean”) is appropriate and,
in general, feasible in rural areas. However, in urban contexts, location
changes (i.e. cooking outdoors) and kitchen construction improve-
ments could be more difficult to implement. Thus, the main strategy
to reduce the burden of HAP should be focused on the emissions source,
by replacing traditional biomass stoves with more advanced solid fuel
stoves, such as gasifiers, or switching to gas or electric stoves (“making
the clean available”), considering their performance, since, for example,
LPG has a worse performance than electricity, as it produces air pollut-
ants where it is burnt (Morales et al., 2009).

4.2. Fuelwood obtention and consumption and cooking patterns and habits
(SDG 5)

In the project area, 74.24% of households obtained fuel from forests
and croplands at no cost, while 16.67% always paid, and 9.09% some-
times payed. Regarding the gender roles on this task, in all cases,
women were in charge of fuelwood collection, except for Diyabougou
(Senegal). Regarding fuelwood transportation, 89.39% of households
did not pay to transport the fuelwood from the collection area to the
household, while 4.55% always paid, and 3.03% sometimes payed. How-
ever, many differences between countries and villages were observed.

In Senegal and Guinea Bissau, fuelwood was obtained from forests
near villages without any associated cost. In The Gambia, 45.45% of
households of Ker Ardo obtained fuel from forests and croplands at no
cost, while 9.09% always paid, and 45,45% sometimes payed. In Brikama
Ba, 81.82% of the households always paid for the fuelwoodwhile a 9.09%
did not pay, and a 9.09% sometimes paid.

In Senegal (95.45%) and in Guinea Bissau (100%) most households
did not pay for the fuelwood transportation. In The Gambia, 80.00% of
households did not pay for transport, while 10.00% of households al-
ways paid, and another 10.00% sometimes payed. Regarding means of
avings.

Daily fuelwood savings (kg/household·day)
(n = 66)

% of daily fuelwood savings
(n = 66)±

5.56 44.48
16.97 63.63
11.19 57.15
5.19 54.63
4.99 49.26
5.09 51.89
5.59 48.02
4.93 46.16
5.21 46.68
7.04 52.23
5.25 47.95

est), n = total sample size.



Table 4
Fuelwood collection time savings.

Country Village

Fuelwood collection time (h/week)
Fuelwood collection time savings (h/week)

(n = 66)
% fuelwood collection time savings

(n = 66)Before (Am ± sd)⁎

(n = 66)
After (Am ± sd)

(n = 66)

Senegal
Colondito Fouta 9.50 ± 5.70 – – –
Diyabougou 4.47 ± 2.71 – – –

Mean 7.11 ± 5.12 – – –

The Gambia
Ker Ardo 10.15 ± 6.83 2.67 ± 0.58 7.48 73.69

Brikama Ba Fuelwood is bought.
Mean 10.15 ± 6.83 2.67 ± 0.58 7.48 73.69

Guinea Bissau
Helacunda 3.86 ± 1.52 1.73 ± 0.65 2.13 55.18

Sissaucunda Samanco 6.55 ± 3.38 1.77 ± 0.75 4.78 72.98
Mean 5.20 ± 2.90 1.75 ± 0.68 3.45 66.35

Mean⁎⁎ 6.72 ± 4.95 1.86 ± 0.72 4.86 72.32

⁎ Am= arithmetic mean, sd = standard deviation.
⁎⁎ Significant variation (p b 0.05; Kruskal-Wallis tests), n = total sample size.
transportation, some differences were detected in Senegal, depending
on the village due to the gender roles associated to this activity. In
Colondito Fouta, women transported fuelwood over their heads
(70.00%) while the rest used different means, such as carriages or bicy-
cles. In Diyabougou, 100% of households transported fuelwood in car-
riages. This is related to the fact that in this community men are
responsible for this task. In Guinea Bissau, women always transported
fuelwood over their heads. In The Gambia, when fuelwood was bought,
sellers transported it, whilewhen itwas collected, it was transported ei-
ther bywomen carrying it over their heads (20.00% of households) or by
carriages with an associated payment (20.00% of households).

The average annual consumption per household before the imple-
mentation of the ICS was 4.92 tons, while the average annual consump-
tion was 2.35 tons after the implementation, resulting in a significant
reduction (p b 0.05) of 52.23% in fuelwood consumption. Table 3
shows results for each village and country. Results showed no signifi-
cant differences (p N 0.05) between countries but rather between vil-
Table 6
Average fuelwood saving in the case study and annual CO2-eq reduction per household.

Country Annual fuelwood consumption
(t/household·year) (n = 55)

Annual fuelwood savings (t/ho

Before the ICS After the ICS

Senegal⁎ 4.56 2.54 2.02
The Gambia 3.58 1.72 1.86
Guinea-Bissau 4.07 2.16 1.91
Mean⁎ 4.07 2.14 1.93

⁎ Excluding Diyabougou, n = total sample size.

Table 5
Cooking time savings.

Country Village

Cooking time (h/day)

Before the ICS (Am ± sd)⁎

(n = 66)
After t

Senegal
Colondito Fouta 5.91 ± 1.13
Diyabougou 7.55 ± 0.93

Mean 6.73 ± 1.31

The Gambia
Ker Ardo 6.41 ± 1.74

Brikama Ba 6.95 ± 1.31
Mean⁎⁎⁎ 6.68 ± 1.53

Guinea Bissau
Helacunda 6.91 ± 0.54

Sissaucunda Samanco 6.23 ± 0.78
Mean 6.57 ± 0.74

Mean⁎⁎ 6.65 ± 1.22

⁎ Am= arithmetic mean, sd = standard deviation.
⁎⁎ Significant variation (p b 0.05; Kruskal-Wallis tests).
⁎⁎⁎ Different group on fuelwood savings (p b 0.05; Fisher's Least Significant Difference (LSD) t
lages (p b 0.05) for daily fuelwood savings. All villages were a
homogenous group except for Diyabougou (p b 0.05; Fisher's Least Sig-
nificant Difference (LSD) test), with a higher consumption, because the
average household members were 25 in this village, compared with 12
in the rest of the villages.

Fuelwood savings led to less collection time. The average fuel-
wood collection time per household before the implementation of
the ICS was 6.72 h per week, while the average fuelwood collection
time per household was 1.86 h per week after the implementation,
resulting in a significant reduction (p b 0.05) of 72.32% in time sav-
ings. Time savings were 73.69% (7.48 h per week) for The Gambia
and 66.35% (3.35 h per week) for Guinea Bissau (Table 4). Data in
Senegal could not be collected due to a problem in the distribution
of the ICS. These reductions were similar to those obtained on fuel-
wood consumption (Table 3). Time savings represented a gender
co-benefit, as this task was conducted by women in all villages, ex-
cept in Diyabougou.
usehold·year) (n = 55) Annual CO2-eq reduction (t/household·year) (n = 55)

2.74
2.93
2.74
2.80

Cooking time savings (h/day)
(n = 66)

% cooking time savings
(n = 66)he ICS (Am ± sd)⁎

(n = 66)

3.95 ± 0.69 1.96 33.16
4.00 ± 0.22 3.55 47.02
3.96 ± 0.65 2.75 40.86
3.45 ± 0.79 2.96 46.18
4.55 ± 1.01 2.4 34.53
3.98 ± 1.04 2.68 40.12
4.73 ± 0.34 2.18 31.55
4.82 ± 0.34 1.41 22.63
4.77 ± 0.33 1.80 27.40
4.29 ± 0.83 2.36 35.49

est), n = total sample size.



Fig. 2. Total cost of one ICS in each country for the reference period in the different scenarios.
Regarding fuelwood obtention and consumption, in urban con-
texts, where people have less options to collect free firewood but
more access to cleaner fuels, the situation may be similar with that
of The Gambia. This may make cleaner fuels more desirable for
households in urban contexts than in rural areas and reductions on
collection time less relevant. Some studies in sub-Saharan Africa
claimed that fuel choices in urban contexts are more driven by eco-
nomic and availability aspects than by traditional cooking habits
(Barnes et al., 2004; Ouedraogo, 2006; Louise Lund and Johnsson,
2015; Lacey et al., 2017). However, poorest residents still rely on col-
lection of traditional fuels on the periphery of urban areas (Nansaior
et al., 2011; Sovacool, 2012).

Regarding cooking patterns and habits, in all cases, women were in
charge of cooking activities and they cooked three times per day. Thanks
to the better combustion efficiency of the ICS, less time was needed for
cooking. The average cooking time per day per family before the imple-
mentation of the ICS was 6.65 h while after the implementation was
4.29 h, resulting in a significant reduction (pb 0.05) of 35.49% in cooking
time per day, thus, representing a relevant gender co-benefit. Time sav-
ings were 40.86% in Senegal (2.75 h per day), 40.12% in The Gambia
(2.68 h per day) and 27.40% in Guinea Bissau (1.80 h per day)
(Table 5). Results showed significant differences (p b 0.05) between
countries and villages (p b 0.05). As stated before, women are in charge
of cooking activities inmost low- andmiddle-income countries, both in
urban and rural settings, so implications of this gender benefit are rele-
vant in both cases.
Table 7
Summary of economic value of co-benefits.

SDG Co-benefit CBA variable

SDG 3 Reduction on health impacts
Monetary value of time saved from averted
Health spending reduction due to averted

SDG 5
Fuelwood savings Avoided costs on those families that pay for

Time saved on gathering fuelwood
Monetary value of time savings

Cooking time savings
SDG 13 GHG emissions reduction Certified Emission Reductions (CERs)

Total

⁎ Average value considering the different options between people paying for the fuelwood o
4.3. Climate change mitigation (SDG13)

The biomass used in the area was determined to be non-renewable,
as the survey's results showed that during the last five years, all house-
holds perceived an increased in the time needed, the distance to find the
fuelwood, and the price of fuelwood. In addition, they began to use new
types of fuelwood instead of traditional and preferred ones (UNFCCC,
2016).

Next, the GHG emissions reduction was determined using the aver-
age annual fuelwood savings (Table 6), excluding data from
Diyabougou, considering that its annual fuelwood savings were signifi-
cant differently than the rest of the villages. Annual CO2-eq reduction
per household was 2.74 ton in the villages of Guinea Bissau and
Senegal (considering 85% of non-renewable biomass (UNFCCC, 2012))
and 2.93 ton in The Gambia (91% of non-renewable biomass (UNFCCC,
2012)). Total CO2-eq reduction for the whole project was 15,456 ton
per year.

GHG emissions reduction per person were approximately 0.5 ton of
CO2-eq, which is very significant in the studied countries, compared
with the World Bank estimations for the average emissions per capita
in Senegal (3.42), The Gambia (1.68) and Guinea Bissau (4.08) (WB,
2012). Consequently, the mitigation potential of the ICS in this case is
substantial. However, cleaner fuels, that are more desirable in urban
than in rural context, such as LPG emits less GHG than wood and char-
coal (Rosenthal et al., 2018), and even less than electricity produced by a
coal-dominated generation mix (GACC, 2016).
Economic benefit at household level (euros/year)

Senegal The Gambia Guinea Bissau

100% time
considered

50% time
considered

100% time
considered

50% time
considered

100% time
considered

50% time
considered

cases 0.41 0.20 0.02 0.01 0,17 0.08
cases 1.06 0.02 0.18
fuel⁎ Fuelwood is gathered 94.66 35.85 Fuelwood is gathered

72.87 36.44 Fuelwood is bought 17,74 8,87
280.22 140.11 145.47 72,74 174,32 87,16

9.96 26.83 63.05
364.52 187.77 267 135.45 255.46 159.34

r not and for the transport.



Fig. 3. Benefits for a year at each household in each country by SDG.
4.4. Cost-benefit analysis

4.4.1. Costs
ICS costs for the reference period in the three countries depend on

the product life span considered for the analysis (S1: 2 years, S2:
4 years and S3: 5 years). For the time horizon of the analysis, results
vary from 366.28 to 146.22 euros in Senegal, and from 322.68 to
128.82 euros in The Gambia and Guinea Bissau (Fig. 2).
Table 8
Payback period for selected scenarios.

Payback period (days)

100% of saved time is considered 50% of saved time is considered

Senegal 31 61
Guinea Bissau 43 86
The Gambia⁎ 28–43 46–83

⁎ Range depending on the payment of fuelwood and transport.
4.4.2. Benefits
Results of annual benefits per household considered in the analysis

(Table 1) are shown in Table 7, split by the percentage of time savings
considered as productive. Annual economic benefits were 316.03
euros and 159.31 euros in Senegal, 334.84 euros and 144.50 euros in
The Gambia and 192.58 euros and 96.55 euros in Guinea Bissau, respec-
tively. Thedistribution of the economic value of thedifferent co-benefits
by SDG are shown in Fig. 3.

Health co-benefits (SDG3) have the lowest value, representing b1%
of total economic benefits in all cases. Gender co-benefits (SDG 5) con-
stituted the greatest benefit, representing between 96.86% and 60.27%
depending on the country. Climate co-benefits (SDG 13) contributed
differently by country (2.73% and 5.30 in Senegal, 10.05% and 19.81%
in The Gambia and 24.68 and 39.57% in Guinea Bissau, considering
100% or 50% of time saved as productive respectively in each country),
even annual tons of CO2-eq reductions were similar in all countries,
mainly due to the high influence that the shadow salary had on the dis-
tribution of benefits.

The economic value of gender co-benefits was a 96.86% and 94.02%
in Senegal, 89.94% and 80.17% in The Gambia and 75.18% and 60.27%
in Guinea Bissau, considering the 100% or the 50% of time saved as pro-
ductive respectively in each country. Specifically, cooking time savings
constitute the greatest benefit for Senegal andGuinea Bissau,while fuel-
wood savings and cooking time savings have a similar contribution in
The Gambia (Fig. 3). These results were associated to the specificities
in each country: i) fuelwood in TheGambiawas bought at a highermar-
ket price than the shadowprice (calculated based on the shadow salary)
and, when fuelwood is gathered, time savings in this task are greater
than in Senegal and Guinea Bissau and ii) the shadow salary in Guinea
Bissau is lower than in the other two countries.

Considering the situation on urban settings, gender co-benefits
should also have the greater contribution in this context. Besides, the
distribution between the contribution of fuelwood savings and cooking
time savings could vary depending on the availability and price of the
different fuels (Barnes et al., 2004). In addition, the easier access to
cleaner fuels, that emits less GHG than wood and charcoal (Rosenthal
et al., 2018), could lead to a more equal distribution between gender
and climate change co-benefits.

4.4.3. CBA results
To understand the economic impact of the ICS installation, Table 8

shows the payback period at household level, Table 9 the net present
value (NPV) in millions of euros, and Table 10 the benefit-cost ratio
for the reference period.

The payback period varies between one and threemonths indicating
the high profitability that the installation of an ICS has for a household.
The NPV was always greater than zero even when considering reduc-
tions in lifespan of the ICS, showing the economic effectiveness of ICS
implementation. Finally, benefit-cost ratios were N1, specifically show-
ing that benefits are between 340 and 2318% higher than costs. Life
span incremented considerably increase cost-benefit values.

4.5. Limitations of the study

The study was designed as a paired before-after comparison for de-
tecting a desired level of improvement in PM2.5 concentrations, and the
sample size was selected following recommendations of Edwards et al.
(2007), resulting in a limited sample size. Regarding the co-benefits,
health co-benefits were estimated through exposure-response func-
tions using data from epidemiologic studies due to HAP from solid
fuels combustion. No measurements of ALRI and COPD were carried
out in the field, so authors are aware of the limited validity of the results.
In addition, the multiples confounders related to the prevalence of ALRI
were not possible to isolate as a randomized control trail is needed for
that purpose. On gender co-benefits, both fuelwood gathering time
and cooking time were self-reported through the questionnaires.
Thus, other activities done during these tasks or when tasks were
share by various members of a household were not detected. Climate
change co-benefits have been calculated using themethodology “Energy
efficiency measures in thermal applications of non-renewable biomass”
(UNFCCC, 2016), applying non-renewable biomass fraction (fNRB)
values at national level. The authors are aware of the uncertainty



Table 9
NPV for selected scenarios.

NPV in millions of euros S1 S2 S3

100% of saved time is considered 13.87 14.76 14.93
50% of saved time is considered 6.09 6.98 7.23

S1: ICS life span = 2 years, S2: ICS life span = 4 years, S3: ICS life span = 5 years.
associated with these values. Further research should be done using
fNRB at the sub-national level, determined by methods such as the
WISDOMmodel (Masera et al., 2006). On the cost-benefit analysis, sev-
eral assumptions were taken to conduct the analysis. Data related to
fuelwood price and stove stacking were provided by the project team
based on the pilot experience results. Due to the time frame of the
study, these data were not confirmed for the whole reference period.
5. Conclusions

Despite the significant share of the urban Sub-Saharan African pop-
ulation still relying on traditional uses of biomass or on non-efficient
cooking technologies, most programs and studies on the field have
been focused on rural areas.

The case study of ICS implementation in the Casamance presented in
this paper analysed and compared health (SDG 3), gender (SDG 5), and
climate change (SDG 13) co-benefits, showing implications for urban
settings. The most important co-benefits were those associated with a
reduction in fuelwood consumption and time spent collecting firewood
and cooking (SDG 5) (60–97%). Health co-benefits (SDG 3) were very
limited (b1%), but those associated to climate change (SDG 13) were
significant (3–40%), even though only those related to fuelwood savings
were calculated (without including reductions in emissions of long- and
short-lived climate forcing agents).

The distribution and relevance of the co-benefits could vary between
rural and urban settings depending on the feasibility of the “making the
available clean” and “making the clean available” strategies in each case.
First, to improve health co-benefits, as location changes and construc-
tion improvements are less feasible, the knowledge about the impact
of different cleaner fuels on health impacts related to HAP and its rela-
tionship with the ambient air pollution should be enlarged. Secondly,
as fuel savings and time spent on collecting firewood and cooking in
real conditions are the aspects less studied in the energy for cooking sec-
tor (Brooks et al., 2016), this study showed the relevance these aspects
could have in urban environments. In addition, the influence of the price
of different fuels and their availability on decisions of urban households
is more relevant than in the rural context, so more studies in real condi-
tions from different settings are needed. Thirdly, larger availability of
cleaner fuels could have great influence on climate change co-benefits,
as they emit less GHG than wood and charcoal. Finally, women, as re-
sponsible for cooking in most low- and middle-income countries,
must play a key role in any mitigation strategy. However, the potential
contribution of women to climate change mitigation is often
underestimated (Mazorra et al., 2017).

The comprehensive approach presented in this paper allowed for a
broad and systemic view of different co-benefits associatedwith cleaner
cooking solutions, enabling a discussion about their potential implica-
tions for rural and urban settings. Both the results and the approach of
the study contribute to strengthening the evidence, raising awareness
Table 10
Benefit-cost ratio for selected scenarios.

Benefit-cost ratio S1 S2 S3

100% of saved time is considered 8.76 17.54 24.18
50% of saved time is considered 4.40 8.03 12.16

S1: ICS life span = 2 years, S2: ICS life span = 4 years, S3: ICS life span = 5 years.
and increasing political will to overcome the challenges of disseminat-
ing cooking solutions that are already available.
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