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Abstract

Many sub-Saharan African countries struggle to achieve SDG7, ensuring universal access to clean,
affordable, and reliable energy. This paper examines how urban land tenure security affects
households’ adoption of LPG cooking technology, a key step toward reducing energy poverty.
Using harmonized panel data from eight WAEMU countries and three empirical methods, we find
that households with formal property titles are significantly more likely to use LPG. These results
suggest that policies formalizing urban land rights can promote clean energy adoption, helping
reduce urban energy poverty and improve household welfare across the region.
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1- Introduction

A substantial body of literature has identified informal property rights as a key source of frictions
in residential land markets, contributing to unplanned and informal urban expansion (Letrouit &
Selod, 2024; Akinwande et al., 2024; Guedes et al., 2023; Manara & Regan, 2022; Azunre et al.,
2022; Panman & Gracia, 2022; Jedwab et al., 2021; Henderson et al., 2021; Bird & Venables,
2020; Marx et al., 2019; Neimark et al., 2018; Lanjouw & Levy, 2002). In this context, formalizing
urban land tenure is increasingly viewed as a key strategy for reducing urban poverty in developing
countries (Durand-Lasserve & Selod, 2009).

Empirical evidence supports the welfare-enhancing potential of secure tenure. Galiani &
Schargrodsky (2010), for instance, find that legal property rights over housing enable low-income
households to invest more in housing quality and children's education. Similarly, Field (2007)
shows that land titling in Peru leads to higher household labour supply and a reduced incidence of
child labour. These findings suggest that tenure security not only provides stability but also
strengthens household capacity for long-term investment.

In the context of energy poverty, tenure security may influence the adoption of clean cooking fuels,
such as liquefied petroleum gas (LPG), through several reinforcing mechanisms. First, legal
property rights reduce the risk of eviction, increasing households’ willingness to make durable and
location-specific investments, such as purchasing LPG cylinders, cookstoves, and related
infrastructure (e.g., safe storage). Second, formal tenure can improve access to credit and financial
services, enabling liquidity-constrained households to afford the upfront costs of transitioning to
modern cooking technologies. Third, titled property is often associated with improved access to
public services and infrastructure, including regularized fuel distribution and energy safety
inspections, which can lower both the real and perceived costs of LPG use. Finally, secure tenure
may enhance households’ sense of inclusion in formal systems and shift social norms toward
cleaner energy use, reinforcing behavioural transitions away from biomass and other polluting
fuels. By mitigating these barriers, tenure security can play a pivotal role in enabling sustainable
energy transitions in urban areas.

Cooking is a vital daily activity for households around the world, but the technologies and fuels
used for this purpose differ markedly between developed and developing countries. In many parts
of the Global South, approximately 2.3 billion people still rely on traditional biomass fuels—such
as wood, charcoal, kerosene, coal, or animal waste—used with open fires or inefficient stoves.
This dependence exposes households to harmful indoor air pollution, leading to severe health risks
such as respiratory and cardiovascular diseases, particularly for women and children who spend
significant time near cooking areas. In the context of sub-Saharan Africa, access to clean
cookstoves remains extremely limited, especially among the urban poor. This situation threatens
to derail the region’s progress toward Sustainable Development Goal 7 (SDG 7), which calls for
universal access to affordable, reliable, sustainable, and modern energy by 2030 (IEA, 2023).

Beyond its adverse health implications (Bensch et al., 2024; Katoch et al., 2024; Nduka & Jimoh,
2024; Imran & Ozcatalbas, 2020; Ouédraogo et al., 2013), the use of traditional fuels also
contributes to a range of environmental and socioeconomic problems. These include deforestation,
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forest degradation, greenhouse gas emissions, biodiversity loss, and soil erosion. Moreover, the
time-intensive nature of fuel collection—typically carried out by women and children—reduces
educational attainment and limits participation in labour markets and other productive or income-
generating activities (World Bank, 2020).

In response to this complex challenge, a growing literature has begun to explore the determinants
of household preferences for clean cooking technologies, with a focus on affordability, access,
awareness, and sociocultural factors. This paper adds to that literature by examining an often
overlooked institutional factor: housing tenure security. Specifically, we investigate whether
secure property rights over housing increase the likelihood that urban households adopt liquefied
petroleum gas (LPG) as their main cooking fuel. Secure tenure may foster such adoption through
multiple channels, including improved credit access, reduced risk of eviction, and greater
willingness to invest in durable household assets such as gas stoves and cylinders.

Our analysis leverages two harmonized rounds (2018/2019 and 2021/2022) of the Enquéte
Harmonisée sur les Conditions de Vie des Ménages (EHCVM), covering urban households across
the eight WAEMU countries: Benin, Burkina Faso, Cote d’Ivoire, Guinea-Bissau, Mali, Niger,
Senegal, and Togo. This unbalanced panel dataset allows for robust, regionally comparative
analysis of how institutional conditions influence energy transitions in the urban developing world.

Identifying the causal effect of tenure security on the likelihood of adopting LPG cooking
technology presents several important methodological challenges, primarily because our analysis
is based on observational data rather than randomized experiments. Tenure security is not
randomly assigned to households; instead, households self-select into obtaining formal property
rights based on a range of observable and unobservable characteristics. These may include
socioeconomic factors such as income and education, individual preferences like risk aversion, as
well as neighbourhood attributes such as local infrastructure or social norms. While our dataset
contains a rich array of covariates that allow us to control for many potential confounders—thus
mitigating selection bias—there remains a concern for omitted variable bias arising from
unobserved time-invariant factors. Such factors could simultaneously influence both tenure
security and energy technology choices, making it difficult to isolate the true causal effect.

To address these challenges and strengthen the credibility of our causal inference, we employ three
complementary identification strategies. First, we use an entropy balancing matching approach
that re-weights the sample to achieve covariate balance between households with formal property
rights and those without, helping to mimic random assignment. Second, we implement an
instrumental variable (IV) strategy exploiting community-level variation in the enforcement or
availability of legal property rights as an exogenous source of variation in tenure security. Third,
and most importantly, we apply a Correlated Random Effects (CRE) linear probability model
following Wooldridge (2021). This model controls for unobserved heterogeneity by incorporating
household-level averages of time-varying covariates, thus accounting for unmeasured factors that
could bias the estimates.

Across all three approaches, our results consistently show that urban households with official land
titles or deeds are significantly more likely to adopt LPG cooking technology. The robustness of
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this finding across multiple empirical methods lends strong support to a credible and potentially
causal relationship between tenure security and the adoption of clean energy technologies.

This paper contributes to the rapidly growing literature on the factors that shape household
preferences for clean cooking technologies, a critical issue in efforts to reduce indoor air pollution
and improve health outcomes in developing regions. Among the most consistently identified
determinants of clean cooking device adoption is household income: wealthier households are
significantly more likely to adopt cleaner cooking fuels and technologies (Gelo et al., 2023;
Dongzagla & Adams, 2022; Gafa & Egbendewe, 2021; Choumert-Nkolo et al., 2019; Heltberg,
2005; Masera et al., 2000). This relationship reflects the higher upfront and recurring costs
associated with clean cooking fuels such as LPG, which often place these technologies out of reach
for poorer households.

Closely related to income are factors such as financial inclusion and participation in non-farm
economic activities, which also influence the likelihood of clean energy use. Households that have
access to formal financial services—such as bank accounts, credit, or mobile money—are more
able to finance the purchase and consistent use of clean cooking appliances (Addai et al., 2022;
Dogan et al., 2021; Hsu et al., 2021; Koomson & Danquah, 2021; Twumasi et al., 2020). Likewise,
participation in non-agricultural enterprises—common in both urban and rural sub-Saharan
Africa—has been linked to higher adoption rates of clean cooking fuels, likely due to the additional
and more stable income sources such activities provide (Koomson et al., 2023; Zheng, 2023).

Gender dynamics are also key in shaping cooking fuel choices. Studies find that households in
which women exercise greater decision-making power tend to have higher rates of clean fuel
adoption (Totouom, 2024; Krishnapriya et al., 2024; Gafa & Egbendewe, 2021). This underscores
the importance of intra-household power relations and women’s agency in technology adoption
decisions. Other socio-demographic factors influencing clean cooking fuel uptake include
household size, the age of the household head, and educational attainment (Gafa & Egbendewe,
2021; Gould et al., 2020; Amoah, 2019; Crentsil et al., 2019; Karimu et al., 2016). Cultural
practices and traditions also affect fuel choices and cooking methods, as they often dictate
preferences and social acceptability (Akintan et al., 2018). Additionally, clean fuels like LPG are
perceived by some households as risky investments due to safety concerns or supply uncertainty,
which tends to deter risk-averse households from adopting them (Frempong et al., 2024).

Despite the relevance of these factors, little is known about the role of residential property rights
in influencing household choices regarding cooking technologies, particularly in the urban areas
of sub-Saharan Africa where informal tenure is widespread. This paper addresses this gap by
analyzing a large multi-country dataset from West Africa to better understand how formal land
tenure status impacts clean cooking fuel adoption.

This study makes two important contributions. First, by using data from multiple countries, it
enhances the external validity of findings compared to much of the existing literature, which tends
to be country specific. Second, it brings residential property rights into the energy poverty
discourse, highlighting tenure security as a critical but understudied factor in urban Africa’s energy
transition.
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The remainder of the paper is organized as follows. Section 2 outlines the institutional background
on property rights and energy access. Section 3 describes the research design, including data
sources, variable definitions, and empirical strategies. Section 4 presents the results and their
interpretation, while Section 5 concludes by discussing policy implications and avenues for future
research.

2- Institutional background

Improving household access to modern energy sources remains a major development challenge
across sub-Saharan Africa, particularly in West Africa (Friman, 2024; Khandker et al., 2013). To
tackle this issue, several regional and national initiatives have been launched to accelerate the
transition toward sustainable energy. Among the most significant regional efforts is the Economic
Community of West African States (ECOWAS) Centre for Renewable Energy and Energy
Efficiency (ECREEE), established to harmonize energy policies and promote renewable energy
across member countries. Building on ECREEE’s work, the Regional Program for Access to
Sustainable Energy aims to develop renewable energy mini grids in rural areas, thereby increasing
energy access and promoting clean energy use (Agbokpanzo et al., 2023).

At the national level, countries such as Ghana, Nigeria, Mali, and Senegal have implemented rural
electrification programs, often with World Bank support, to expand access to electricity and clean
energy sources in underserved areas. For example, Senegal plans to increase the share of renewable
energy in its energy mix to 30% by 2030, through modernization of thermal power plants to reduce
fossil fuel dependence, tax incentives for solar equipment, and initiatives led by the Energy
Economy and Management Agency (Diop & Thiam, 2020; Gaye & Gueye, 2019). Mali’s Rural
Solar Systems project has developed large-scale solar infrastructure, such as the 33 MW Ségou
Solar Plant, complemented by hydroelectric dams like Manantali, Sélingué, and Félou managed
by the Organization for the Development of the Senegal River (OMVS) (Coulibaly & Dembélé,
2020; Konaté, 2021). Cote d’Ivoire has launched solar power projects, including the 37.5 MW
Boundiali Plant under the World Bank’s “Scaling Solar” program (N’Guessan & Kouakou, 2021;
World Bank, 2020). Though Ghana is outside this study’s scope, it has similarly developed major
solar infrastructure, such as the 155 MW Nzema plant, one of Africa’s largest (Acheampong &
Appiah, 2020). Despite these advances, most households—both rural and urban—still lack access
to clean cooking fuels, highlighting ongoing energy poverty challenges.

In urban West Africa, this study focuses on the role of residential property rights as a critical yet
underexplored factor influencing energy poverty. Land tenure insecurity is widespread in urban
areas, where rapid population growth has driven extensive informal settlement expansion. Secure
land tenure is essential for reducing inequality, encouraging household investment, and facilitating
access to urban services. However, land governance in the region is hampered by complex legal
pluralism and persistent conflicts. The coexistence of customary and formal legal systems often
results in overlapping claims and disputes, especially in high-demand urban zones (Bruce and
Migot-Adholla, 1994). Customary land rights are frequently unrecognized by statutory law,
leaving informal settlement residents vulnerable to eviction and disenfranchisement.

Land conflicts are exacerbated by unreliable land registries and issues like double land allocation
and speculative practices (Kironde, 2006). Studies highlight that prevailing legal frameworks tend
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to privilege urban elites, while marginalized populations, particularly women, face systemic
barriers to property ownership due to discriminatory laws and patriarchal social norms (Rakodi,
2007; Whitehead & Tsikata, 2003). The rapid growth of informal settlements, coupled with limited
local government capacity to formalize land rights or deliver basic services, has entrenched tenure
insecurity (Barbier, 2012). Attempts at land regularization, including collective titling, have seen
mixed success due to corruption, bureaucratic inefficiency, and inadequate planning (Payne,
2001). Digitization efforts in countries like Ghana and Senegal aim to improve land administration
transparency but are often stalled by resistance from entrenched interests and funding constraints
(Deininger & Binswanger, 1999). In Benin, land titling programs have increased tenure security
and stimulated investment but remain limited by high procedural costs (Holden et al., 2016).

These challenges underscore the urgent need for reforms that harmonize legal systems, enhance
land governance, and promote equitable access to urban land. Policies must be context-sensitive,
inclusive, and transparent to foster investment and sustainable urban development. As emphasized
by UN-Habitat (2014), strengthening governance, ensuring community participation, and aligning
land policies with local realities are critical to addressing land tenure insecurity and its broader
social and economic impacts in West Africa.

3- Research Design

3.1 Data Source

This empirical analysis draws on data from two rounds of the Enquéte Harmonisée sur les
Conditions de Vie des Ménages (EHCVM), conducted in 2018/2019 and 2021/2022. The EHCVM
is a comprehensive, harmonized household survey jointly funded by the World Bank and the West
African Economic and Monetary Union (WAEMU) Commission. It is designed to be nationally
representative at multiple levels, including urban/rural and regional strata, across the eight
WAEMU member countries. While the survey methodology is harmonized across countries, the
sample sizes vary according to country-specific population distributions.

The survey employs a two-stage stratified sampling procedure. The 2018/2019 sampling frame
was based on the most recent General Population and Housing Census available in each country.
Stratification is based on the combination of administrative department and area of residence
(urban or rural). In the first stage, clusters—defined as primary sampling units—were selected
with a probability proportional to their size in terms of the number of households. In the second
stage, 12 households were randomly selected within each cluster with equal probability.

For the 2021/2022 round, the survey revisited the same clusters identified in 2018/2019.
Enumerators attempted to re-interview the same 12 households per cluster if located; where some
original households could not be found, replacement households were randomly selected to
maintain the sample size of 12 households per cluster. As a result, the combined data set constitutes
an unbalanced panel.

The EHCVM collects detailed household-level information across a broad range of topics,
including socio-demographic characteristics (age, marital status, religion, residency status,
citizenship, literacy), education, food and non-food consumption, agricultural activities, and more.
For the purpose of this paper, the focus is on urban households, with particular attention to
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homeowners, to explore the relationship between tenure security and clean cooking fuel adoption.
Table 1 presents the distribution of the urban homeowner sample across the WAEMU countries
included in the analysis.

Table 1. Sample size distribution across countries

Rounds
Pays Total
2018/2019 2021/2022
Benin 1706 1955 3661
Burkina Faso 1865 1973 3838
Cote d'Ivoire 1542 1782 3324
Guinea-Bissau 382 362 744
Mali 1699 1776 3475
Niger 725 1189 1914
Senegal 2494 2479 4973
Togo 600 774 1374
Total 11013 12290 23303

3.2 Variables and Descriptive evidence
Variables.

Table 2 presents the list of variables used in the empirical analysis. The key outcome variable,
LPGAdoption, is a binary indicator equal to 1 if a household uses LPG as a cooking fuel, and 0
otherwise. The primary treatment variable, TenureSecurity, is also binary, capturing whether a
household holds an official title or deed for their residence. To accurately estimate the effect of
tenure security on LPG adoption, we include two sets of control variables: household-level
covariates and city-level covariates. Household-level controls are selected based on their relevance
as identified in the existing literature on clean energy adoption and energy poverty. The household-
level covariates include:

. Total annual household food expenditure per capita, used as a proxy for household
income due to the absence of direct income data.

. Age of the household head.

. Disability status within the household.

. Gender of the household head.

. Marital status.

. Religion.

. Education level of the household head.

. Financial inclusion, measured by household access to formal financial institutions (such
as banks and microfinance) as well as the use of mobile banking services, reflecting the
increasingly important role of digital financial platforms in urban West Africa.
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Table 2. Variables used in the regressions

Variables Definitions

LPGAdoption = Dummy variable equals one if LPG is the main cooking fuel in the
household, and zero otherwise

TenureSecurity Dummy variable equals one if the household's house has a formal title
or official deed of ownership, and equals zero otherwise

Female Dummy variable equals to one if the head of the household is a woman,
and equals zero otherwise

Percapilncome  Total annual food expenditure per capita (FAO adult equivalents)

Age Age of the head of the household (number of years)

MajorDisability Dummy variable equals one if the head of the household has a severe
disability, and equals zero otherwise

Monogamous Dummy variable equals one if the head of household is in a monogamous
union, and equals zero otherwise

Polygamous Dummy variable equals one if the head of household is in a polygamous
union, and equals zero otherwise

CommonLaw Dummy variable equals one if the head of household is in a free union,
and equals zero otherwise

Widowed Dummy variable equals one if the head of household is widowed,
and equals zero otherwise

Divorced Dummy variable equals one if the head of household is divorced,
and equals zero otherwise

Muslim Dummy variable equals one if the head of household is Muslim,
and equals zero otherwise

Christian Dummy variable equals one if the head of household is Christian,
and equals zero otherwise

Traditionalist Dummy variable equals one if the head of household is Traditionalist,
and equals zero otherwise

Primary Dummy variable equals one if the head of household has completed
primary education and, equals zero otherwise

Secondary Dummy variable equals one if the head of household has completed
secondary education, and equals zero otherwise

University Dummy variable equals one if the head of household has completed
tertiary (university) education, and equals zero otherwise

FormalBanking Dummy variable equals one if the head of household has an account
in a formal bank, and equals zero otherwise

Microfinance Dummy variable equals one if the head of household has an account
in a microfinance institution, and equals zero otherwise

MobileBanking Dummy variable equals one if the head of household use mobile banking
services, and equals zero otherwise

CityElectricity = Dummy variable equals one if the community has access to reliable
electricity, and equals zero otherwise

CityWater Dummy variable equals one if the community has access to safe drinking
water, and equals zero otherwise.

CityTopography Dummy variable equals one if the city is situated on a slope or hill,

and equals zero otherwise

Kouandou & Mounmemi 6089
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In addition to household characteristics, city-level covariates are incorporated to account for local
economic conditions, infrastructure availability, and policy environments that might influence
both tenure security and energy choices.

At the city level, we introduce some local amenities, such as access to electricity and a reliable
drinking water system. We also consider the shape of the city to capture the impact of accessibility.
Electrification, for example, has been shown to significantly influence local economic activity and
employment (Dinkelman, 2011), which in turn affects population density and infrastructure
development. These dynamics can directly impact both the supply and affordability of LPG in
urban areas. Access to water serves as a proxy for broader infrastructure quality and municipal
service provision, both of which are often correlated with energy infrastructure. Additionally,
topography is included to capture the role of physical accessibility in urban service delivery. Cities
located on steep slopes or in hilly areas often face logistical challenges that can hinder the reliable
supply and distribution of clean cooking fuels like LPG.

We also consider the general shape and layout of the city to proxy for spatial accessibility. This
approach allows us to indirectly account for infrastructure-related barriers that might not be
captured by direct measures. While we acknowledge the value of including more granular urban
infrastructure or market access indicators, many of these are not consistently available across the
countries and time periods covered in the EHCVM. Importantly, we believe the three selected
variables capture a substantial portion of the relevant heterogeneity through their spillover effects
and correlation with other unobserved community characteristics.

Nonetheless, we agree that future work could benefit from incorporating more detailed spatial or
infrastructural data where available.

Table 3 presents summary statistics for the key variables introduced earlier. For each variable, we
report frequencies and means across the entire sample, as well as separately for the two survey

rounds (2018/2019 and 2021/2022).

Approximately 32.4% of households in the sample use LPG cooking technology, with adoption
rates of 32.6% in 2018/2019 and 32.2% in 2021/2022, indicating stability over time. Regarding
tenure security, about 66.1% of urban households report having a formal title or official deed to
their homes, with similar shares in both rounds—66.0% in 2018/2019 and 66.3% in 2021/2022.

A key identification challenge is the non-random distribution of property rights across households.
Households holding formal titles or deeds differ statistically from those without formal
documentation, raising concerns about selection bias.
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Descriptive Evidence.

Table 3. Summary Statistics of the main variables used in regressions

Variables Rounds
Full Sample 2019/2019 2021/2022

LPG Adoption 23296 0.324 11011 0.326 12285 0.322
Tenure Security 23296 0.661 11011 0.660 12285 0.663
Female 23296 0.223 11011 0.225 12285 0.221
Percapi Income 23296 361374.3 11011 349131.5 12285 372347.5
Age 23296 51.83 11011 51.07 12285 52.51
Major Disability 23296 0.090 11011 0.090 12285 0.089
Monogamous 23295 0.584 11010 0.584 12285 0.583
Polygamous 23295 0.186 11010 0.194 12285 0.179
Common Law 23295 0.012 11010 0.011 12285 0.013
Widowed 23295 0.149 11010 0.140 12285 0.157
Divorced 23295 0.028 11010 0.027 12285 0.028
Muslim 23296 0.689 11011 0.694 12285 0.685
Christian 23296 0.247 11011 0.243 12285 0.251
Traditionalist 23296 0.040 11011 0.040 12285 0.041
Primary 23296 0.179 11011 0.183 12285 0.175
Secondary 23296 0.206 11011 0.201 12285 0.210
University 23296 0.061 11011 0.057 12285 0.064
Formal Banking 23138 0.230 11004 0.229 12134 0.231
Microfinance 23138 0.094 11004 0.095 12134 0.094
Mobile Banking 23138 0.391 11004 0.306 12134 0.468
City Electricity 23255 0.809 10970 0.803 12285 0.814
City Water 23255 0.770 10970 0.773 12285 0.767
City Topography 23251 0.402 10970 0.370 12281 0.431

To explore this, we conduct balance tests. Table 4 reports the mean differences in observable
characteristics between households with and without formal property rights. The results show
significant differences across almost all characteristics, except for a few: marital status in
polygamous unions, completion of primary education, access to microfinance, and residence in
towns with hilly or sloping terrain.

While these differences do not establish causality, the data reveal that households with formal
property rights are more likely to adopt LPG cooking technology than those without official
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ownership documents. This underscores the importance of addressing selection bias in the
analysis.

Table 4. Balance tests
TenureSecurity=1 TenureSecurity=0 Difference

Variables Mean (1) Mean (0) Mean (1) - Mean (0)
LPGAdoption 0.401 0.174 *EE()
Female 0.238 0.195 FEE(F)
In Percapilncome 12.70 12.39 ()
Age 53.36 48.82 *EE()
MajorDisability 0.095 0.079 ()
Monogamous 0.579 0.593 **(-)
Polygamous 0.188 0.182 n.s
CommonLaw 0.009 0.017 *EE()
Widowed 0.160 0.127 *EE()
Divorced 0.026 0.030 *-)
Muslim 0.729 0.612 *EE()
Christian 0.238 0.266 *Ex(-)
Traditionalist 0.018 0.084 *EE()
Primary 0.177 0.182 n.s
Secondary 0.232 0.154 *EE()
University 0.081 0.021 *EE()
Formal Banking 0.292 0.110 *EK()
Microfinance 0.095 0.093 n.s
Mobile Banking 0.415 0.344 *EX()
City Electricity 0.893 0.645 ()
City Water 0.857 0.600 *EX()
City Topography 0.403 0.400 n.s

Notes: ***(statistically significant at 1%); **(statistically significant at 5%);
*(statistically significant at 10%); n.s (not statistically significant).

3.3 Econometric Framework
Baseline specification. Our baseline specification is based on the traditional literature on modern
technology adoption, where rational households decide to adopt if their expected net utility gain
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from doing so is positive (Foster & Rosenzweig, 2010; Besley & Case, 1993). Hence, let
LPGAdoptiony,. € {0,1} be a variable that equals one if household h located in urban area a in
country ¢ in year t(round 2018/2019,round 2021/2020) has adopted LGP cooking
technology, and zero otherwise. If Uy, is the associated expected net utility of doing so, then the
adoption decision is governed by the following system:

1if Upaee >0
LPGAdoptiony ¢ = (D
0 Otherwise

Throughout the paper we will consider a linear probability model for the discrete choice model in
(1). Thus, the key relationship explored in this paper is the following:

Prob(LPGAdoptiony et = 1)
= a + BTenureSecuritypact + IN'Xpact + 2'Va + Yi + Oct + €hact (2)

where Xj,,t 1S the vector of household-level covariates, and V, is the vector of community-level
covariates. yy are household fixed effects introduced to control for time-invariant unobserved
heterogeneity that may be correlated with households' decisions to secure tenure. We also include
year dummies, 8., to control for between country-year variations, such as institutional shocks,
that affect households' preferences for LPG cooking technology. €.t 1s @ random error term.

Correlated random effects model. As discussed in the introduction, the main identification
challenge in establishing the causal effect of housing tenure security on the likelihood of adopting
LPG cooking technology is the fact that households choose to invest in housing tenure based on
their characteristics and other local externalities, the set of covariates introduced in (2) do not fully
recover. Ignoring this can lead to selection bias. There may be unobserved characteristics, such as
the ability to perceive risk, neighbourhood interactions, etc., that could affect the extent to which
households choose to invest in housing tenure and also affect the likelihood of adopting LPG
cooking technology.

Regression equation (2) incorporates household fixed effects, year-by-country dummies, and a set
of relevant covariates, thereby mitigating potential bias arising from both time-invariant and time-
varying unobserved heterogeneity. Nevertheless, because the dependent variable is binary,
estimating equation (2) directly using a standard fixed-effects (FE) approach is problematic due to
the incidental parameter issue (Mulkay, 2017). Moreover, the within transformation underlying
the FE estimator eliminates not only unobserved household-specific effects but also all time-
invariant characteristics, such as gender, religion, and marital status, which are important
determinants of household cooking fuel choices.

To address these limitations, we adopt the correlated random effects (CRE) approach originally
proposed by Mundlak (1978) and subsequently extended by Chamberlain (1982) to accommodate
discrete dependent variables. The key idea of this method is to model the correlation between the
unobserved household-specific effect and the observed explanatory variables by augmenting
equation (2) with the household-specific means of the time-varying covariates. Under this
framework, the unobserved effect (yy,) is specified as follows:
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Yh = Y’X + Nh, Nh ~ lld(O, 05) (3)

where X is the vector of means of the time-varying explanatory variables within each household
(cluster means). In this paper, we consider two time-varying covariates at the household level: the
age of the household head and the household income proxied by and total annual household food
consumption expenditure per capita. Y is the corresponding vector of coefficients for the X, and ny,
is a random error unrelated to X. The vector Y is zero if the observed explanatory variables are
uncorrelated with these effects. Combining regression model (2) with condition (3) gives:

Prob(LPGAdoptiony et = 1) 3
= o + BTenureSecuritypact + ' Xpact + 2'Va + Y'X + 1y, + Ot

+ €hact (4)

Entropy Balancing. The first alternative to the CRE model that we use to identify the impact of
tenure security on household preferences for LPG cooking technology is Entropy Balancing.
Entropy balancing is a two-step matching algorithm where the first step, the weighting or balancing
process, creates weights by matching the two groups. In the second stage, these weights are used
in an augmented adjusted regression (Hainmueller, 2012). In our context, the entropy balancing
algorithm will create a pseudo-population of urban households in which the observed covariates
are balanced between households that have chosen to invest in tenure security and urban
households that have not. The weights, w},, which balance the observed covariates are found by
minimizing the distance metric between the two groups of urban households based on the entropy
function, wplogwy. Following the traditional framework proposed by Rosenbaum & Rubin
(1983), let (AdoptionLPGyacc(1), AdoptionLPGy,(0)) be the vector of potential outcomes,
where AdoptionLPGy,, (1) is the likelihood of adopting LPG cooking technology by a household
which has invested in housing tenure security, and AdoptionLPGy,,(0) is the likelihood of
adopting LPG cooking technology by a household which has not invested in housing tenure
security.

The main objective is to recover the impact of tenure security, 3, as the conditional average
treatment effect of tenure security given by:

CATE (y) = E[AdoptionLPGy,,.:(1) — AdoptionLPGy,,c:(0)|Yhact = VI
Yhact = {Xnhact Var 8ct}

The Entropy Balancing (EB) algorithm is considered as a generalization of Propensity Score
Matching (PSM) and Inverse Probability Weighting (IPW) where instead of using the score
function, Prob(AdoptionLPGy,t(1)|Yhact), or the inverse of the score function, 1/
[Prob(AdoptionLPGy,ct(1)|Yhact)], as the balancing weights, as the PSM and IWP/IWPA
algorithms do, the EB uses a more general weighting function, the entropy function wylogwy,,
which is less unstable and less sensitive to model mis-specification. Entropy Balancing algorithm
provides an estimator, which is doubly robust (Zhao & Percival, 2017). Another important
attractive property of the entropy balancing algorithm for our study is that it allows the
consideration of fixed effects within the matching framework. The method is implemented using
the Stata package "ebalance" developed by Hainmueller & Xu (2013).
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Instrumental variable approach. The final approach we use to identify the impact of tenure security
on household preferences for LPG cooking technology is the instrumental variable approach.
Specifically, we follow Papke & Wooldridge (2008), using an instrumental variable approach with
the CRE model framework. We use leave-one-out instrument defined by:

7 Yk=h TenureSecurityy,ct
hact =
th - 1

where N, is the total number of sampled households in the city c in time t. The intuition behind
this instrument is that households located in the city where there are other households investing in
tenure security are more likely to invest in tenure security as a result of neighbourhood and network
effects or local connectedness (Topa & Zenou, 2015). This instrument is very attractive because
of its high relevance and potential validity (Maitra et al., 2023; Khan & Morrissey, 2023).

4- Results

Table 5 presents our main findings on the impact of tenure security on household preferences for
LPG cooking technology, estimated using Correlated Random Effects (CRE) models. The analysis
begins with pooled Linear Probability Models (LPM) and Probit models, followed by their CRE
model counterparts (CRE-LPM and CRE-Probit). For the Probit models, we report marginal
effects to facilitate interpretation.

The results consistently indicate that households with formal property rights (those holding a title
or official deed to their homes) are significantly more likely to adopt LPG cooking technology.
Specifically, the CRE-LPM estimates show that tenure-secure households have an 8.6 percentage
point higher probability of adopting LPG compared to those without formal tenure. The CRE-
Probit model suggests a slightly larger effect, with a 10.7 percentage point increase in the
likelihood of LPG adoption for tenure-secure households.

Table 6 reports results from entropy balancing (EB) estimation alongside instrumental variable
(IV) and correlated random effects instrumental variable (IV-CRE) approaches, which address
potential endogeneity concerns in the relationship between tenure security and LPG adoption. The
EB estimates confirm that tenure-secure households are approximately 10% more likely to use
LPG, consistent with earlier findings

Assessing the IV estimates requires careful examination of the instrument's validity and strength.
Table 7 in Appendix A provides first-stage regression results, showing that peer effects strongly
influence tenure security decisions: urban households residing in cities with higher aggregate
tenure security rates are more likely to secure tenure themselves. This supports the relevance of
the instrument.

Furthermore, instrument strength is confirmed by an F-statistic well above the conventional
threshold of 10 (Stock et al., 2002), mitigating concerns about weak instruments.
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The IV estimates reveal an even larger effect of tenure security on LPG adoption, nearly doubling
the magnitude found in EB estimations. This suggests a strong and potentially causal link between
secure property rights and the adoption of clean cooking technology in urban West African
households. Overall, these results highlight the critical role of tenure security in addressing energy
poverty and promoting cleaner household energy choices.

For the effects of covariates, let's focus on Table 6. Our results indicate that female-headed
households are approximately 9 percentage points more likely to adopt LPG for cooking. This
finding aligns with Karimu et al. (2016), who document a similar pattern in Ghana, suggesting that
women-headed households may be more inclined toward clean energy solutions. It also resonates
with Totouom (2024), who shows that households in Cameroon where women have greater
bargaining power are significantly more likely to adopt modern cooking fuels. These results
underscore the role of gender dynamics not only in energy-related decisions but also in shaping
broader household welfare.

Moreover, recent work by Lee et al. (2024) provides additional insight into the channels through
which clean fuel adoption can empower women. Their study shows that access to clean cooking
technologies leads to substantial improvements in women's mobility, decision-making authority,
and financial autonomy—indicating a positive feedback loop between clean energy access and
gender empowerment.

In light of this literature, we interpret our findings as suggestive evidence that female-headed
households may prioritize clean energy technologies both for health and efficiency reasons, and
potentially due to a higher valuation of long-term household well-being.

The impact of income, measured by total annual household food expenditure per capita, is positive
and statistically significant, confirming expectations and consistent with a substantial body of
literature identifying monetary poverty as a key driver of energy poverty (Gelo et al., 2023;
Dongzagla & Adams, 2022; Gafa & Egbendewe, 2021; Choumert-Nkolo et al., 2019; Heltberg,
2005; Masera et al., 2000). Households with higher incomes can better afford the upfront and
ongoing costs associated with cleaner fuels such as LPG, facilitating greater adoption rates. This
reinforces the importance of economic capacity in enabling transitions to clean cooking
technologies.

Interestingly, the age of the household head is positively associated with the likelihood of adopting
LPG cooking technology. This finding contrasts with Crentsil et al. (2019), who found that older
household heads were more likely to experience multidimensional energy poverty. This
discrepancy may be due to differences in regional contexts or the specific focus on LPG adoption,
suggesting that older heads in urban West African households may have greater stability or
financial means to invest in clean cooking fuels.
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Table S. Impact of housing tenure security (CRE model estimates)

Explained variable Prob (LPGAdoption=1)
(Probit (CRE- E .
(LPM) ) LPM) CRE-Probit
1 %
TenureSecurity 0,089 9(‘);‘109 0.0867%** 0.107%%*
(0.007) (0.007) (0.005) (0.006)
3
Female 0.093%#* 0.082 0.09 1% 0.081%%%
(0.009) (0.008) (0.009) (0.008)
0.155%%* 0.163* 0.018%* 0.042%%*
In Percapilncome ’ *x ) )
(0.005) (0.005) (0.008) (0.012)
3
Age 0.082%#* 0.068 0.027 0.000
(0.011) (0.011) (0.024) (0.031)
MajorDisability -0.016* 0015+ -0.016* -0.015*
(0.009) (0.008) (0.009) (0.008)
*
Monogamous 0.025* 0032 0.027%* 0.034 %5
(0.014) (0.013) (0.013) (0.013)
Polygamous 0.001 0.004 0.005 0.006
(0.015) (0.014) (0.014) (0.014)
*
CommonLaw 0.061%* 0.068 0.060%* 0067
(0.027) (0.025) (0.026) (0.024)
Widowed -0.003 0.001 -0.001 0.001
(0.015) (0.014) (0.016) (0.015)
Divorced 0.003 0.019 0.001 0.016
(0.022) (0.021) (0.020) (0.020)
1 *
Muslim 0.058%* 0.080 0,059 0.079%*
(0.016) (0.022) (0.014) (0.020)
o )
Christian 0.065%* 0.095 0.068%* 0.094 %5
(0.015) (0.021) (0.014) (0.020)
Traditionalist 0.021 -0.029 0.024 -0.030
(0.017) (0.028) (0.016) (0.027)
1 *
Primary 0.059%* 0.054 0,058 0.054 %5
(0.007) (0.007) (0.007) (0.006)
3
Secondary 0.136%%* 0.123 0.133%%* 0.120%%*
(0.008) (0.007) (0.007) (0.006)
o f
University 0.232%5% 0.209 0.224%%% 0.203%%*
(0.015) (0.013) (0.013) (0.011)
1 £
FormalBanking 0,185 0.149 0.181 % 0.147%5
(0.008) (0.006) (0.007) (0.006)
1 *
Microfinance 0.058%#* 0.049 0.057%%* 0.048%%*
(0.010) (0.009) (0.009) (0.008)
. . g
MobileBanking 0.054%%% 0.057 0.054%%% 0.057%%%

ok

(0.007) (0.006) (0.006) (0.005)
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-0.022 -0.001 0,023 %%+ -0.001
(0.014) (0.018) (0.007) (0.009)
1 *
CityWater 0.045% 0.057 0.042%# 0.054%
(0.012) (0.014) (0.007) (0.009)
CityTopography 0.000 0.000 0.000 0.000
(0.008) (0.008) (0.005) (0.005)
_ koo B
Intercept 2.376 2.674%**
(0.079) (0.073)
Mundlak variables No No Yes Yes
Year-Country fixed effects Yes Yes Yes Yes
Adj R-squared 0.360 0.364
Pseudo R2 0.324 0.327
Observations 23095 22505 23095 22505

Notes: For probit estimation, we report marginal effects; Robust standard errors in parentheses.
***(statistically significant at 1%); **(statistically significant at 5%); *(statistically significant at 10%).

Other socio-demographic characteristics of the household head significantly influence LPG
adoption. Marital status plays a role, with households headed by individuals in common-law
unions more likely to adopt LPG technology. This may reflect social stability or cooperative
decision-making processes that encourage cleaner energy choices. Religious affiliation is also
significant: households headed by Muslims or Christians show higher LPG adoption rates,
potentially reflecting underlying cultural or community influences on energy use patterns.
Education has a strong positive effect on adoption, supporting previous findings (Karimu et al.,
2016) that more educated household heads tend to be more aware of the benefits of clean cooking
fuels and therefore more inclined to use them.

Financial inclusion emerges as another crucial factor. Consistent with the existing literature (Addai
et al., 2022; Dogan et al., 2021; Hsu et al., 2021; Koomson & Danquah, 2021; Twumasi et al.,
2020), access to formal banking institutions, microfinance, and mobile banking services
significantly increases the likelihood of LPG adoption. Financial services reduce liquidity
constraints and facilitate the purchase of LPG equipment and refill cylinders, addressing one of
the key barriers to clean cooking fuel uptake.

At the city level, access to electricity shows a surprising negative effect on LPG adoption, which
might suggest substitution effects where households rely on electricity for cooking when it is
available or reflect the intermittent nature of electricity supply in urban West Africa. Conversely,
access to safe drinking water has a positive effect, likely because it proxies for overall better
infrastructure and living conditions, which are conducive to adopting cleaner energy technologies.
The urban form, measured through topographical variables, does not significantly influence LPG
adoption in this study.
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Table 6. Impact of housing tenure security (EB and IV estimates)

Explained variable Prob (LPGAdoption=1)
(EB) (IV-LPM) (IV-CRE-LPM)
TenureSecurity 0.101%** 0.208%** 0.200%**
(0.007) (0.012) (0.012)
Female 0.091*** 0.090*** 0.088***
(0.013) (0.009) (0.009)
In Percapilncome 0.176%** 0.144%** 0.0192%%**
(0.006) (0.004) (0.008)
Age 0.076*** 0.060*** 0.010***
(0.015) (0.010) (0.025)
MajorDisability -0.005 -0.014 -0.014
(0.013) (0.009) (0.009)
Monogamous 0.031 0.017 0.019
(0.021) (0.014) (0.014)
Polygamous -0.001 -0.008 -0.005
(0.022) (0.015) (0.015)
CommonLaw 0.103*** 0.057*** 0.056**
(0.033) (0.027) (0.027)
Widowed -0.014 -0.010 -0.009
(0.023) (0.016) (0.016)
Divorced 0.007 -0.000 -0.002
(0.030) (0.021) (0.021)
Muslim 0.070*** 0.040*** 0.041***
(0.021) (0.015) (0.015)
Christian 0.082*** 0.045%*** 0.047%%*
(0.021) (0.015) (0.015)
Traditionalist 0.002 0.023 0.025
(0.023) (0.016) (0.016)
Primary 0.077*** 0.054*** 0.054***
(0.010) (0.007) (0.007)
Secondary 0.157*** 0.127*** 0.124***
(0.011) (0.007) (0.007)
University 0.260*** 0.219%*** 0.212%**
(0.024) (0.013) (0.013)
FormalBanking 0.171*** 0.173*** 0.170%**
(0.011) (0.008) (0.008)
Microfinance 0.059%** 0.054%** 0.053%**
(0.015) (0.009) (0.009)
MobileBanking 0.069*** 0.048*** 0.048***
(0.009) (0.006) (0.006)
CityElectricity -0.036%** -0.045%** -0.045%**
(0.010) (0.008) (0.008)
CityWater 0.064*** 0.035%*** 0.032%***
(0.009) (0.007) (0.007)
CityTopography -0.010 -0.000 -0.000
(0.008) (0.005) (0.005)
Intercept -2.672%** -2.447H**
(0.106) (0.077)
Mundlak variables No No Yes
Year-Country fixed effects Yes Yes Yes
R-squared 0.336
F-Statistic 5581.02 5555.36
Observations 23095 22780 22780

Notes: For probit estimation, we report marginal effects; Standard errors in parentheses for Entropy Balancing (EB)
estimates; robust standard errors in parentheses for IV estimates; ***(statistically significant at 1%); **(statistically significant at
5%); *(statistically significant at 10%).
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5- Conclusion and Policy Implications

Since the seminal contribution of Besley (1995), a vast body of literature has underscored the
fundamental role of land tenure security in influencing household and agricultural investment
decisions. By mitigating the risk of expropriation and facilitating access to formal financial
services through the use of land as collateral, tenure security incentivizes households to make
productive and long-term investments (Bambio & Agha, 2018; Abdulai et al., 2011; Fenske, 2011;
Deininger et al., 2011; Goldstein & Udry, 2008; Brasselle et al., 2002; Jacoby et al., 2002; Platteau,
1996). In rural settings, where agriculture typically forms the backbone of livelihoods, land tenure
security emerges as a critical asset for income generation and resilience. Moreover, tenure security
plays a vital role in coping with environmental shocks by providing a form of social insurance and
enabling migration decisions that do not come at the cost of losing land assets (Selod & Shilpi,
2021). The same dynamics apply to urban residential land, where secure ownership rights can
reduce uncertainty and unlock economic opportunities.

In many developing countries, especially across sub-Saharan Africa, urban land tenure remains
insecure for a large portion of residents. Despite rapid urbanization, many urban homeowners lack
official legal titles or deeds guaranteeing ownership, leaving them vulnerable to forced evictions
and limiting their ability to use property as an asset for borrowing or investment. The formalization
of urban land tenure has become a key policy concern not only among economists but also among
urban planners, governments, and international development organizations. Empirical evidence
shows that tenure security in urban areas is positively linked to various socioeconomic benefits,
including home improvements, educational investments for children, increased labour
participation, better access to credit, and entrepreneurship development (Durand-Lasserve &
Selod, 2009).

While the literature on land tenure security’s role in rural development is well-developed, research
examining its impact in urban contexts—particularly with respect to energy poverty—remains
scarce. This paper addresses this gap by analyzing harmonized panel data from eight WAEMU
countries—Benin, Burkina Faso, Cote d'Ivoire, Guinea-Bissau, Mali, Niger, Senegal, and Togo.
Employing robust econometric techniques such as correlated random effects models, entropy
balancing, and instrumental variable approaches, we provide strong evidence that urban
households possessing formal titles or deeds are significantly more likely to adopt cleaner cooking
technologies such as liquefied petroleum gas (LPG). This suggests that tenure security reduces
barriers to investing in modern energy solutions and thereby contributes to alleviating energy
poverty in urban areas.

These findings carry substantial policy relevance. The seventh Sustainable Development Goal
(SDG 7) seeks to ensure universal access to affordable, reliable, and modern energy services by
2030, emphasizing investments in infrastructure and technological innovation for sustainable
energy. Our results suggest that tenure formalization programs represent a complementary and
effective strategy to promote the clean energy transition in urban sub-Saharan Africa. Several
WAEMU countries have already embarked on important reforms to improve urban land tenure
security. For example, in 2023, Cote d'Ivoire implemented a reform introducing a unique digital
identifier system to secure all urban land transactions within an integrated management platform.
Senegal and Benin also have longstanding urban land reforms that have contributed to
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formalization efforts (Durand-Lasserve & Selod, 2009). There is a clear need to scale up and
harmonize such initiatives across the WAEMU region to enhance tenure security, support
investment in clean cooking technologies, and foster sustainable urban development.

In sum, advancing urban land tenure security is not only a matter of legal and social rights but also
a critical lever to drive inclusive economic growth, energy access, and environmental sustainability
in rapidly urbanizing African contexts.
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Appendix A: First-Stage results
Table 7. First-Stage results

Explained variable Prob (TenureSecurity=1)
(LPM) (Probit)
Instrument (Z) 0.663*** 0.499%**
(0.010) (0.006)
Female 0.022%*** 0.023***
(0.009) (0.008)
In Percapilncome 0.012 0.013
(0.012) (0.011)
Age 0.144*** 0.144***
(0.033) (0.031)
Major Disability 0.001 -0.000
(0.009) (0.009)
Monogamous 0.031** 0.030**
(0.016) (0.014)
Polygamous 0.060%*** 0.059***
(0.017) (0.016)
Common Law -0.020 -0.015
(0.033) (0.027)
Widowed 0.018 0.017
(0.018) (0.016)
Divorced -0.016 -0.016
(0.021) (0.020)
Muslim 0.086%** 0.066%**
(0.019) (0.017)
Christian 0.101%** 0.080%***
(0.019) (0.017)
Traditionalist -0.001 -0.004
(0.023) (0.021)
Primary 0.017%*** 0.018***
(0.007) (0.006)
Secondary 0.042%** 0.045%***
(0.007) (0.007)
University 0.050%*** 0.079%**
(0.010) (0.014)
Formal Banking 0.056*** 0.063%**
(0.007) (0.007)
Microfinance 0.024%** 0.019**
(0.009) (0.008)
Mobile Banking 0.024%** 0.021***
(0.006) (0.006)
City Electricity 0.061%** 0.048***
(0.008) (0.006)
City Water 0.015%* 0.012**
(0.006) (0.005)
City Topography 0.003 0.004
(0.003) (0.003)
Intercept -0.962%%**
(0.077)
Year-Country fixed effects Yes Yes
Adj R-squared 0.382
Pseudo R2 0.328
Observations 22780 22780

Notes: For probit estimation, we report marginal effects; Robust standard errors in parentheses.
***(statistically significant at 1%); **(statistically significant at 5%); *(statistically significant at 10%).



