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Solid fuel combustion remains a dominant energy source for household heating and cooking in less devel-
oped countries. As a result, almost three billion people are exposed to household air pollution, causing
four million premature deaths annually, primarily among poor women and children. We analyze data
from Demographic and Health Surveys in 69 countries to identify determinants of transition from solid
to cleaner fuel. Estimates from a population-averaged linear model show that population density and
size, rural population share, income inequality, and charcoal production are positively associated with
countries’ solid fuel use, while GDP per capita, electricity and natural gas production have the opposite
effect. Economic development, measured as GDP per capita, has the strongest link to solid fuel use: a
standard deviation increase in per capita GDP above its mean reduces solid fuel use from 70% to 57%
of households. Electricity production is another strong predictor: solid fuel use drops by 11% when elec-
tricity production increases by one standard deviation above the mean. In addition, in a fixed-effects lin-
ear model, population size has a positive association with solid fuel use, while increases in GDP per capita
and the number of governments’ renewable energy incentives are associated with lower dependence on
solid fuels.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Biomass and charcoal remain dominant household energy
sources for heating and cooking in many developing countries. As
a result, almost 3 billion people worldwide are exposed to house-
hold air pollution (WHO, 2016), causing 2.6 million premature
deaths per year, primarily among poor women and children
(Global Burden of Disease Collaborative Network, 2017; Lim
et al., 2012; Rosenthal et al., 2017). Additionally, burning of solid
fuels contributes to unsustainable harvesting of local biomass,
directly and indirectly contributing to global climate change
(Puzzolo & Pope, 2017). Transitioning from solid fuels to cleaner
alternatives improves indoor air quality, benefiting health and
decreasing mortality and morbidity. However, existing studies do
not offer a systematic account of factors that catalyze widespread
and sustained fuel transitions, despite a large number of case stud-
ies at the local level (Rehfuess, Puzzolo, Stanistreet, Pope, & Bruce,
2014). For instance, rapid urbanization and global development
appear to have no effect on fuel transition: there is approximately
the same number of people using solid fuels today as 30 years ago,
which can in part be attributed to global population growth
(Bonjour et al., 2013). According to the World Bank (IEA, 2011),
without substantial policy change, the total number of people rely-
ing on solid fuels will remain largely unchanged by 2030. As such,
there is a need to identify and understand factors that ‘‘accelerate
the widespread, sustained adoption of demonstrably clean cooking
to promote public health” (Rosenthal et al., 2017).

Although recent reviews identify enabling and inhibiting fea-
tures within countries in regards to clean fuel use (Rehfuess
et al., 2014; Puzzolo, Pope, Stanistreet, Rehfuess, & Bruce, 2016),
cross-country characteristics, ranging from demographic and
socioeconomic to political factors, remain mostly overlooked. Most
studies aiming to identify determinants of clean fuel transitions

http://crossmark.crossref.org/dialog/?doi=10.1016/j.worlddev.2018.10.006&domain=pdf
https://doi.org/10.1016/j.worlddev.2018.10.006
mailto:elenamcl@buffalo.edu
mailto:geosbs@acsu.buffalo.edu
mailto:geosbs@acsu.buffalo.edu
mailto:atkjdw@buffalo.edu
mailto:juliarav@buffalo.edu
mailto:hewner@buffalo.edu
mailto:aedimick@buffalo.edu
https://doi.org/10.1016/j.worlddev.2018.10.006
http://www.sciencedirect.com/science/journal/0305750X
http://www.elsevier.com/locate/worlddev


268 E.V. McLean et al. /World Development 114 (2019) 267–280
focus on individual case studies or are part of national evaluations.
Much of this research also limits analysis to initial adoption rather
than adoption and continued use.

This article seeks to address the shortcomings in the literature.
We start by identifying a broad range of country-level characteris-
tics, which we use to understand cross-sectional and temporal
variation in solid fuel dependence. We use data from the USAID’s
Demographic and Health Surveys (DHS), as well as data from the
World Bank and the United Nations, to address the above goal.
Our country-level variables capture a broad range of political,
demographic, socioeconomic and energy production characteris-
tics. The cross-section time-series coverage of our dataset enables
us to examine solid fuel use changes over time across 69 countries.

The key contribution of our analysis is that it provides insights
into country-level characteristics associated with changes in the
reliance on solid fuels as the primary cooking fuel. We find that
political contexts and population pressures matter for fuel use, as
do economic development and energy production. Specifically,
the positive and significant association of population size, rural
population share, economic inequality and charcoal production
with solid fuel use implies a continued dependence on solid fuels
as the primary cooking fuel. In contrast, the negative and signifi-
cant association of GDP per capita, gas and electricity production,
and economic incentives for sustainable energy with solid fuel
use suggests lower dependence on this type of fuel and a likely
shift toward cleaner alternatives (e.g., LPG).
1 Electricity adoption rates for a country rise steeply as its population moves
through the income bracket of $500–1000 per capita GDP (International Energy
Agency and the World Bank, 2017).

2 These countries are Guyana, Dominican Republic, Ukraine, Armenia, Azerbaijan,
Morocco, Egypt, Jordan, Turkmenistan, and Maldives.
2. Determinants of national and regional variation in solid fuel
use

Improvements in cookstove technology, once considered crucial
for reducing hazardous air pollutants, appear to offer only limited
benefits. Therefore, current research concludes that transition to
clean fuels, such as LPG, electricity, or biogas, is a more promising
approach (Puzzolo & Pope, 2017). The share of population using
solid fuels (e.g., charcoal, wood or dung) varies between countries
and regions, with the highest rates reported in Sub-Saharan Africa
(79%), South-East Asia (63%), and the Western Pacific (40%), espe-
cially rural China (WHO, 2013). Recent estimates suggest that
Sub-Saharan Africa and South-East Asia consumed roughly 88% of
global biomass for cooking and heating over the last two decades
(Malla & Timilsina, 2014). In many developing countries, house-
holds rely on kerosene for cooking, heating, and lighting. Although
kerosene is widely viewed as an attractive alternative to solid fuels,
and perhaps a viable intermediary fuel on the ‘energy ladder’, evi-
dence demonstrates that kerosene poses significant health risks
due to high particulate matter (PM) and polyaromatic hydrocarbon
(PAH) emissions (Lam, Smith, Gauthier, & Bates, 2012). Therefore,
WHO guidelines for indoor air quality advise against kerosene as
a household fuel (WHO, 2014). To bring emissions in compliance
with WHO standards, developing countries need to replace tradi-
tional cookstoves and fuels with clean fuel, without the intermedi-
ate step of kerosene use, since it does little to ameliorate the health
burden of hazardous air pollutants (Johnson & Chiang, 2015).
Below, we review studies of household fuel use. Lewis and
Pattanayak (2012) point to key limitations of this literature: quan-
titative research in this area remains ‘‘narrow, thin, and scattered;”
the quality of this research varies substantially; and no studies
adopt a systematic approach (638). Here, our goal is not to offer
a comprehensive literature overview, but identify various factors
that influence solid fuel use, and transition from solid to clean
fuels.

Socioeconomic and demographic factors dominate existing
explanations of fuel transition, and poverty stands out as a critical
determinant of solid fuel dependence. Overall, clean fuels and tech-
nologies are more accessible in more affluent countries, but even
within developing countries wealth and inequality are strong pre-
dictors of solid fuel use. Two important patterns emerge from
existing research. First, at the country level, transition to clean
cooking fuels (e.g., LPG) lags behind electrification,1 but, like elec-
trification, it is also tied to GDP, aggregate household income, and
education (Behera, Jeetendra, & Ali, 2015; Davis, 1998; Heltberg,
2003, 2005; Khandker, Barnes, & Samad, 2012; Nansaior, Aran
Patanothai, Rambo, & Simaraks, 2011; Rao & Reddy, 2007; USAID,
2005). With more purchasing power, wealthier households are more
willing and able to move up the ‘energy ladder’ (Leach, 1992), opting
for better quality fuels (Karimu, Mensah, & Adu 2016; Nansaior et al.,
2011; Özcan, Gülay, & Üçdoğruk, 2013; Rao & Reddy, 2007). Adop-
tion of clean cooking fuels is not widespread until a country reaches
the income threshold of $12,000 in per capita GDP (World Bank and
IEA 2017). However, there are several outliers – countries with close
to 90% clean cooking fuel access, even though their per capita GDP is
below $12,000.2 In addition, countries with substantial natural gas
production demonstrate higher than expected rates of clean fuel
conversion, which suggests that domestic production and availabil-
ity of gas can offset GDP constraints. Second, at the household level,
income explains solid fuel use and sustained transition to cleaner
fuels. Lower income households and those with fluctuating incomes
find it more feasible to buy a day’s worth of wood than a longer-
lasting, refillable LPG container. Households with marginal financial
stability can afford smaller, daily fuel costs more easily. In develop-
ing countries, where affluent groups use about as much energy as
their counterparts in industrialized countries, and about 5–10 times
the average energy consumption of the majority of their countries’
population (Ramji, Soni, Sehjpal, Das, & Singh, 2012), aggregate cor-
relation between GDP and fuel use can mask local variation in solid
fuel use.

One way to unpack local variation is to examine the effect of
domestic income inequality on fuel use. A commonly used mea-
sure of income inequality, the GINI coefficient, gauges the distribu-
tion of income within an economy and the deviation of this
distribution from equality. Previous studies suggest that in coun-
tries with higher values of the GINI coefficient (i.e., with less equal-
ity), even if overall energy access indicators show a positive trend,
the bottom segments of the population may not receive better
access (Karekezi, McDade, Boardman, & Kimani, 2012). The GINI
coefficient also helps to highlight inequalities in clean fuel con-
sumption and access across various geographical regions and
countries, as well as between urban and rural areas (Pachauri &
Jiang, 2008). Households near the low end of income distribution
in highly unequal countries tend to have limited access to clean
cooking fuels. In most developing countries, low-income groups
show spatial concentration, and stark differences exist between
urban and rural areas.

Urban-rural differences in household energy practices in devel-
oping countries can be significant, with over 95% biomass use in
rural settings compared with as little as 5% in urban settings
(Puzzolo & Pope, 2017). The urban-rural gap is smaller in sub-
Saharan Africa, where 42% of urban residents and 5% of rural resi-
dents have access to cleaner fuels (Alem, Beyene, Köhlin, &
Mekonnen, 2016; UNDP/WHO, 2009). In addition, within-country
variation reveals that transition to and sustained use of LPG is
more likely in urban than rural areas (Heltberg, 2005; Paudel,
Khatri, & Pant, 2018; Terrado & Eitel, 2005; USAID, 2005). Explana-
tions of the urban-rural differences go beyond accounting for
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income and fuel affordability in urban and rural areas. In fact, this
is where government policies and private sector decisions play a
role. Sovacool (2012) notes that rather than prioritizing introduc-
tion of cleaner fuels in rural areas or to citizens most in need, many
government initiatives emphasize expansion of existing programs
in urban areas (Sovacool, 2012). Also, utilities, especially when pri-
vately owned, may avoid improving access to underserved rural
areas because of the costs of implementation, low customer den-
sity, low purchasing power, and reduced profit potential
(Bazilian, Sagar, Detchon, & Yumkella, 2010).

Furthermore, supply-side factors, such as fuel prices, can make
kerosene and solid fuels more competitive in rural areas than non-
solid fuel alternatives. In addition, non-solid fuels have to be pur-
chased rather than gathered. In rural areas, reliability of supply
and access to cleaner alternatives determine fuel choice beyond
affordability (Malla & Timilsina, 2014). In a study of fuel consump-
tion patterns in Brazil, Nicaragua, South Africa, Vietnam, Guate-
mala, Ghana, Nepal, and India, households in rural areas
demonstrate their preference for solid fuels even in the top house-
hold fuel expenditure brackets (Heltberg, 2003). Similarly, in rural
South Asia, use of dung and straw peaks in the middle of the
income distribution and remains high even in the top rural quintile
(Heltberg, 2003). In addition, Sehjpal, Ramji, Soni, and Kumar
(2014) find that in rural India household income is less significant
compared to other social and cultural factors in choosing cleaner
fuels, while Guta (2014) shows that in rural Ethiopia greater
household income is not associated with reduced consumption of
fuelwood and charcoal. Consequently, economic development
and income growth alone do not lead to displacement of solid fuels
– reliability, accessibility, and cultural acceptability matter as well
(Muller & Yan, 2018).

Several studies conducted at the national and regional levels
indicate that the cost of conversion to clean fuel technology (i.e.,
stove, cylinder, gas, regulator, and pipe) impedes initial adoption
by those who live in low-resource settings and can collect biomass
fuels for free (Edwards & Langpap, 2005; Elgarah, 2011; Terrado &
Eitel, 2005). In situations where LPG adoption displaced the cost of
purchasing wood, charcoal and kerosene, start-up costs were less
of a barrier (Budya & Arofat, 2011; Terrado & Eitel, 2005). Conse-
quently, programs that partially or wholly subsidize the initial con-
version costs or provide flexible payment plans (e.g., low-cost
installment loans) are instrumental. A cross-country analysis by
del Granado, Coady, and Gillingham (2012) demonstrates potential
inequity and inefficiencies of fuel subsidies, reporting that most
benefit flows to wealthier households, with the top income quintile
capturing six times more in subsidies than the bottom quintile (del
Granado et al., 2012). Ultimately, fuel subsidies may not reach
households most in need and may be unsustainable, resulting in
energy price increases after subsidies are discontinued.

Energy sector reformmay not result in successful fuel transition
because implementation needs to trickle down through regional
and local entities before it reaches the end-user. Along the way,
there are opportunities for diversions and alterations to the
reform’s initial intent. While large-scale, government-initiated fuel
transition presents challenges, a recent example in Indonesia
demonstrates the profound impact of government will and leader-
ship. Over the course of 4 years, 40million households in Indonesia
switched to LPG as part of a program to reduce kerosene use (Budya
& Arofat, 2011). Although the motivation for the program was the
elimination of government kerosene subsidies, the program shows
that rapid and large-scale change is possible, even across a complex
geography that includes more than 13,000 islands.3
3 This transition ought to be considered in combination with previous research on
fuel stacking by households (Gould et al., 2018; Masera et al., 2015; Pollard et al.,
2018; Thoday et al., 2018).
India provides an example of government-led efforts to reduce
health impacts associated with biomass household fuels. The gov-
ernment enacted several national-level policy changes in 2014,
including reimbursement for household LPG purchases. Previously,
LPG was promoted through subsidies, providing a reduced LPG cost
from a provider, which led to corruption and fraudulent practices
to divert subsidized LPG from legitimate consumers (Puzzolo &
Pope, 2017). The direct transfer of subsidy benefits to consumers
becamemandatory in 2015. In 2016, in an effort to expand the pro-
gram and reach households with low LPG access, the government
initiated the Pradhan Mantri Ujjwala Yojana program. This effort
reaches 50 million women in households below the poverty line
and aids the LPG transition by providing financial help with
start-up costs (Aggarwal, Kumar, & Tiwari, 2018).

The literature discussed thus far is not exhaustive but provides
an overview of the current state of knowledge regarding fuel tran-
sitions in developing countries. Existing research suggests that a
combination of national and local factors affect change. Below,
we build on insights from this research and offer a unified frame-
work to explain transition from solid fuels. Our analysis seeks to
understand the relative influence of demographic, socioeconomic,
political, and energy indicators on solid fuel use.
3. A unified model of household solid fuel use

For our analysis of variation in solid fuel use, we rely on a time-
series cross-sectional dataset, which combines information from
several sources. First, we extracted country-level data on house-
hold use of solid cooking fuels from the Demographic and Health
Surveys (DHS) conducted by the USAID.4 This database provides
information for 90 developing countries and covers the period
between 1990 and 2016. Once we merged additional data with
observations from the DHS, the number of countries drops to 69
due to missing observations. Table A1 in the appendix lists the coun-
tries in our dataset. The World Bank’s dataset, World Development
Indicators (WDI), provides socioeconomic and demographic vari-
ables.5 Finally, we added United Nations energy production data,
as well as political variables extracted from various sources (listed
below). Tables A2 and A4 in the appendix present descriptive statis-
tics and data sources for all variables.
3.1. Dependent variable

The dependent variable in our statistical analysis is Solid fuel
use, a continuous indicator that represents the percentage of
households in a given country that rely on some type of solid fuel
for cooking. The surveys ask respondents the following question:
‘‘What type of fuel does your household mainly use for cooking?”
and then aggregate this information at the country level. The
DHS data indicate that households in Liberia, Madagascar, and
Rwanda have the highest levels of dependence on solid fuels (over
99% of total fuel use). At the same time, Egypt, Jordan and Turk-
menistan avoid using such fuels almost entirely (less than 1% of
total fuel use).

Overall, the DHS data show that developing countries remain
dependent on solid fuels: the average for our entire sample is
68%. Previous research estimates that the share of the world’s
households, which rely on solid fuels as their primary cooking fuel,
declined from 62% in 1980 to 41% in 2010 (Bonjour et al., 2013).
However, 71% of households in Africa and 61% of households in
Southeast Asia still depended on solid fuels for cooking in 2010.
4 The dataset is available at https://www.statcompiler.com/en/.
5 The WDI dataset is available at http://databank.worldbank.org/data/reports.

aspx?source=world-development-indicators.
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Therefore, this category of fuel remains important for households in
developing countries, despite extensively reported health and envi-
ronmental consequences of solid fuel consumption. This high level
of dependence on solid fuels is also masked to a certain extent by
the fact that the DHS data provide an insight into primary cooking
fuels. However, previous research yields evidence of fuel stacking,
i.e., the practice of relying on some combination of solid and cleaner
fuel types (Gould et al., 2018; Masera, Bailis, Drigo, Ghilardi, & Ruiz-
Mercado, 2015; Pollard et al., 2018; Thoday, Benjamin, Gan, &
Puzzolo, 2018). This suggests that the scale of solid fuel dependence
is even higher than DHS data used in our analysis may indicate.
3.2. Explanatory variables

3.2.1. Demographic variables
To collect information for testing population-based explana-

tions of fuel transition, we turned to the World Development Indi-
cators. The resulting four variables (described below) broadly
capture relevant dimensions of the countries’ populations. We
lagged these measures by one year to rule out the possibility that
solid fuel use may affect population characteristics.

Population density: The WDI dataset constructs this variable by
dividing a country’s population by its land size. On average, 122
people occupy a square kilometer of land in the dataset. The least
densely populated country is Namibia (less than 3), and the highest
population density is in Bangladesh (approximately 1210).

Population growth: To capture changes in population size, we
rely on population growth rate. The measure is calculated as the
exponential rate of growth of a country’s population from year
t � 1 to t, and expressed as a percentage. Population size includes
all country residents, regardless of their status in the country.
The maximum growth rate is in Rwanda in 2000 (7.3%), and the
lowest in Albania in 2008 (�0.8%). The average growth rate in
the dataset is 2.3% a year.

Population (log): In addition to population growth, we include
the natural logarithm of a country’s total population, which
includes all residents, regardless of their status. We use the loga-
rithmic transformation because of the presence of high-
population outliers, including India and Indonesia. The average
population size is approximately 47 million people (similar to that
of Colombia).

Rural population share: Our indicator of urbanization trends in
developing countries represents the share of the total population
that resides in rural areas (as defined by national statistical offices).
The mean level of urbanization is low: 61% of developing countries’
residents live in rural areas, on average. Burundi has the largest
share of rural population in our dataset (89%), while Jordan and
Gabon are highly urbanized, with less than 20% of their popula-
tions living in rural areas.
7

3.2.2. Socioeconomic variables
The next group of variables measure countries’ socioeconomic

characteristics. The source of information for three variables
(GDP per capita, GDP growth, and FDI) is the World Bank’s World
Development Indicators. The Varieties of Democracies (V-Dem)
database provides GINI data (Coppedge et al. 2017).6 We lag these
measures by one year, similar to population variables.

GDP per capita (log): We measure economic development using
data on countries’ gross domestic product divided by total popula-
tion. We use GDP per capita expressed in constant 2010 U.S. dollars
and log the variable to control for outliers. Gabon has the highest
level of economic development in the sample (in the year of
6 V-Dem data can be accessed at https://www.v-dem.net/en/data/data-version-7-
1/.
2012): 9061 USD; and the least economically developed country
is Ethiopia, with GDP per capita of 191 USD in 2000.

GDP growth: Another economic measure gauges the rate of eco-
nomic growth in a country. Specifically, this variable represents a
country’s annual percentage growth rate of gross domestic pro-
duct, expressed in constant 2010 U.S. dollars. Since our dataset
includes only developing countries, overall growth rates are high
(i.e., 5.1% on average) with broad distribution. Azerbaijan’s rate
of growth in 2006 is the sample maximum (26.4%), while Sierra
Leone’s GDP growth in 2016 is the minimum (�20.5%).

FDI: Foreign direct investment is defined as inflows of capital to
purchase a lasting management stake (at least 10% of voting stock)
in a company operating in a country other than that of the investor.
The variable represents net FDI inflows (i.e., new investment
inflows less outflows) in a given country, divided by the country’s
GDP. The country that attracts, by far, the most significant FDI
inflows is Liberia: Liberia attracts at least 33% of its GDP in foreign
investment annually in our dataset. The least attractive country for
foreign investors is Angola, losing more investment than it can
attract in 2006 and 2011 (net loss of 4.6% and 3.9% of GDP in
FDI, respectively).

GINI: This variable reflects a country’s distribution of income.
Specifically, GINI measures the extent to which income distribu-
tion among a country’s residents departs from an even distribu-
tion. A value of 0 represents perfect equality, and a value of 100
represents perfect inequality. In our dataset, the country with the
most unequal income distribution is Namibia (73.9). Azerbaijan
is the closest to equality with a value of 16.6.

3.2.3. Political variables
The third set of variables aims to capture countries’ political

characteristics. These four indicators (described below) help us
investigate the influence of domestic politics and countries’ mem-
bership in an international institution (i.e., the Kyoto Protocol) on
fuel transition. We turn to different data sources for these mea-
sures. We constructed Kyoto party based on information posted
on the UNFCCC website.7 MPI and Regulatory quality are available
from the V-Dem database (Coppedge et al. 2017). Finally, we coded
Economic incentives, using information from the IEA/IRENA Joint Poli-
cies and Measures database.8

Kyoto party: This indicator differentiates countries that joined
the Kyoto Protocol, an international agreement on climate change,
from those that did not. The treaty’s objective is to reduce green-
house gas emissions, which can be accomplished by switching to
less polluting fuels and/or increasing energy efficiency. Kyoto party
is a binary variable, which takes the value of 1 for years following a
country’s ratification of the Kyoto Protocol, and 0 otherwise. 81
percent of observations in our dataset are countries that ratified
the Kyoto Protocol.

MPI: The first domestic political variable included in our analy-
sis is a measure of democracy. This indicator ranges from 0 (least
democratic countries) to 1 (most democratic countries). The V-
Dem project evaluates countries on five dimensions to determine
how democratic their regimes are. Democracies are political
regimes that have the following characteristics: (1) the chief exec-
utive is elected; (2) elections are free of manipulation and bias; (3)
the regime provides freedom of political organization; (4) the
regime extends the suffrage to a large share of adult citizens;
and (5) citizens and media have freedom of expression. MPI, or
Multiplicative Polyarchy Index, then multiplies these five dimen-
sions. Teorell et al. (2016) state that the benefit of multiplication
The status of ratification is available at http://unfccc.int/kyoto_protocol/status_
of_ratification/items/2613.php.

8 The database is available at https://www.iea.org/policiesandmeasures/renew-
ableenergy/.

https://www.v-dem.net/en/data/data-version-7-1/
https://www.v-dem.net/en/data/data-version-7-1/
http://unfccc.int/kyoto_protocol/status_of_ratification/items/2613.php
http://unfccc.int/kyoto_protocol/status_of_ratification/items/2613.php
https://www.iea.org/policiesandmeasures/renewableenergy/
https://www.iea.org/policiesandmeasures/renewableenergy/


E.V. McLean et al. /World Development 114 (2019) 267–280 271
is that ‘‘it combines information from all constitutive elements and
hence relies on and retains more information” (Teorell et al., 2016).
On average, developing countries in our dataset are weakly demo-
cratic (the mean value of 0.26). Peru’s government reaches the
maximum democracy value of 0.73 in 2004, while several coun-
tries, including Rwanda, Eritrea, and Swaziland, have the minimum
MPI score of 0.

Regulatory quality: This variable reflects governments’ imple-
mentation of unfavorable policies and regulations aimed at the pri-
vate sector. Negative values indicate a business environment that
may stifle private sector initiatives, including those in the fuel sec-
tor. The minimum value is �2.1 (Zimbabwe in 2010). Positive val-
ues correspond to market-friendly countries, with the maximum of
0.5 (Colombia in 2015).

Economic incentives: We coded this variable manually, using
information on renewable energy programs implemented by gov-
ernments. Specifically, the IEA/IRENA database lists various eco-
nomic incentives provided by governments to promote
renewable energy development in their countries. Such incentives
can include infrastructure investments, R&D funding, grants, loans,
subsidies, and tax relief. The resulting variable is a count of all
ongoing programs in a country in a given year. Approximately half
of countries in our dataset have no renewable energy programs.
The rest of the sample implements, on average, 3 programs per
year. Peru offered the maximum number of incentive programs
in 2012 (i.e., 13). Even though this measure is fairly crude, it serves
as a proxy for governments’ efforts to promote cleaner fuels and
technology.
3.2.4. Energy variables
The final set of explanations centers on energy sources available

in a country. We draw on the UN Energy Statistics database9 to
construct variables to measure production of different types of
energy. Energy production is then used to evaluate the likelihood
of transition from solid fuels. We lag the three energy measures
because, while it is possible that demand for a particular type of fuel
drives production, we are interested in the effect of energy produc-
tion on solid fuel use.

Gas production (log): The first energy measure indicates how
much natural gas, including methane, ethane, and propane, a coun-
try produced in a given year. Our models include the log of this
variable to minimize the impact of outliers. Most countries in our
dataset produce insignificant amounts of natural gas (including liq-
uefied natural gas, LNG). Indonesia extracts the highest volume (77
million tons oil equivalent in 2012).

Charcoal production (log): The second energy variable that we
use is the total amount of charcoal produced in a country in a given
year. We rely on the log of the variable in our models. Kenya pro-
duces the most charcoal (6.4 million metric tons in 2014) and Mal-
dives produces the least (737 metric tons in 2009).

Electricity production (log): This variable indicates how much
electricity a country generated in a year, and we include its log
in our model specifications. The leader in electricity production
in our dataset is India (665,986 gigawatt-hours in 2005). In con-
trast, Benin generates the least electricity (35 gigawatt-hours in
1996).
4. Results and discussion

We estimate two types of empirical models. The first evaluates
cross-country variation in solid fuel use. We use the population-
averaged linear regression to estimate this model type (Table 1
9 The UN’s Energy Statistics Database is available at https://unstats.un.org/unsd/
energy/edbase.htm.
reports these results). These estimates inform our discussion of
what factors differentiate an average country that is highly depen-
dent on solid fuels from an average country that is not. This esti-
mation approach helps us deal with one limitation of our
dataset: specifically, the coverage of our dataset is not continuous
in terms of the time period. Also, observations for some countries
are available for more years and/or cover later (or earlier) periods.
Population-averaged models allow us to account for within-
country correlation, for unbalanced panels, with gaps and unequal
spacing.

The second type of empirical models reported in this study
focuses on within-country changes in solid fuel use. We rely on
fixed-effects linear regression to derive estimates (Table 2 reports
them). These results point to links between country-level charac-
teristics and solid fuel use within countries, while controlling for
time-invariant country effects. In these models, we use country
fixed effects, and include other regressors as time-varying
covariates.

Finally, we supplement our main findings with bivariate corre-
lation results for several energy policy variables (Table 3). Due to
limited data availability, we do not include these policy measures
in multivariate models. Our discussion of multivariate models
focuses mostly on pooled models, which include all independent
variables, and considers other models (Population, Socioeconomic,
Political, and Energy models) as robustness checks.

In the first set of results (reported in Table 1), we seek to answer
the following question: which country-level characteristics are
linked to cross-country differences in solid fuel use? In other
words, what are the key differences between an average country
that is heavily dependent on solid fuels and an average country
that has minimal dependence on solid fuels? Three population
variables reach statistical significance at conventional levels in
the Pooled model: Population density, Population, and Rural popula-
tion share. All three have a positive association with solid fuel use.
In the Pooled model, we find that an average densely populated
country has a higher solid fuel dependence than an average spar-
sely populated country. When we change values of Population den-
sity from its mean to one standard deviation above the mean, our
calculations using model estimates show that the predicted share
of households using solid fuels changes from 70.2% to 73.8%. The
most significant population variable, based on the scale of pre-
dicted change in solid fuel use, is Population. Its positive coefficient
means that an average country with a large population is more
dependent on solid fuels than an average country with a small pop-
ulation. Predicted solid fuel use equals 70.2%, when all regressors
are fixed at their means. The predicted value increases to 78.8%
when we change the Population value from its mean to one stan-
dard deviation above the mean. We also find that an average coun-
try with mostly rural population relies on solid fuels more than an
average country with mostly urban population. The substantive
effect of Rural population share is smaller than that of Population:
when we increase the value of this variable from its mean to one
standard deviation above the mean, we calculate that the predicted
share of households using solid fuels as their primary cooking fuel
goes up by 4.7%. These predicted value calculations illustrate
trends in association derived from the regression with the goal of
highlighting the broader association of demographic variables with
solid fuel use10.

Fig. 1 illustrates the predicted relationship of Rural population
share, the variable that is positively and significantly associated
with solid fuel use in the Pooled model. If we change the values
of the variable from its minimum to its maximum, that is, from
10 We also estimate population and pooled models while controlling for female
education. Table A3 in the appendix shows that female education is not significantly
associated with solid fuel use.

https://unstats.un.org/unsd/energy/edbase.htm
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Table 1
An analysis of cross-country variation in solid fuel use – population-averaged estimates.

Population model Socioeconomic model Political model Energy model Pooled Model

Population density �0.01 0.02*

(0.01) (0.01)
Population growth 5.15** 1.80

(1.53) (1.55)
Population 2.13 6.88**

(1.53) (2.94)
Rural population share 0.98** 0.26**

(0.13) (0.13)
GDP per capita �27.50** �13.95**

(2.24) (3.34)
GDP growth �0.11 �0.01

(0.22) (0.19)
FDI 0.13 0.20

(0.22) (0.16)
GINI 0.47** 0.41**

(0.17) (0.15)
Kyoto party �2.96 2.47

(4.12) (2.15)
MPI �0.06 10.61

(13.90) (6.72)
Regulatory quality �12.89** �0.46

(5.01) (2.77)
Cumulative economic incentives �0.82 0.19

(0.79) (0.37)
Gas production �0.52 �1.33**

(0.85) (0.58)
Charcoal production 3.37** 3.85**

(0.95) (1.00)
Electricity production �6.45** �5.63**

(1.42) (1.86)
Constant �40.60 234.17** 60.10** 99.20** 23.50

(25.77) (17.02) (6.43) (13.87) (52.11)
Observations 187 149 164 169 119

Note: Population-Averaged Linear Models; DV = Share of households using solid fuel for cooking. Standard errors in parentheses. Time period: 1990–2016.
* p < 0.10.
** p < 0.05.
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14% to 90%, while holding other variables fixed at their means, the
predicted rise in solid fuel use is 20%. This suggests that urbaniza-
tion serves as one mechanism facilitating countries’ transitions
from solid fuels given that these areas offer economies of scale to
energy producers and distributors.

Estimates from the Pooled population-averaged model show
that indicators of economic development and inequality have sig-
nificant associations with solid fuel use. Specifically, GDP per capita
is negatively associated with households’ share of solid fuels. That
is, households in an average affluent country use far less solid fuel
as their primary cooking fuel than do households in an average
poor country. The substantive size of the link between GDP per cap-
ita and Solid fuel use is large, as Fig. 1 illustrates. If we increase val-
ues of per capita GDP from its mean to one standard deviation
above the mean, predicted solid fuel dependence changes from
70.2% to 57.1%, while other regressors are held constant. The
impact of shifting GDP per capita from its minimum to its maxi-
mum is even more profound: predicted solid fuel use for the least
affluent country is 93.4%, while the predicted value for the most
affluent country is just 39.6%. Thus, this result highlights a strong
link between economic development and solid fuel dependence.
Furthermore, distribution of wealth within countries also has a sig-
nificant association with solid fuel use. However, its substantive
influence is smaller than that of GDP per capita. If we shift income
inequality from its mean value to one standard deviation above the
mean, the result is a change in predicted solid fuel use from 70.2%
to 74%. Similarly, we can calculate the predicted difference
between countries with mostly equal and highly unequal wealth
distributions. When GINI changes from the minimum to the maxi-
mum, predicted solid fuel use goes up by 23.6% (Fig. 1). This result
indicates that there is a significant difference between an average
country with low economic inequality and an average country with
high economic inequality with regard to solid fuel use.

None of the political variables reach statistical significance at
conventional levels in the Pooled model. At the same time, coeffi-
cients on the three energy variables reach statistical significance at
conventional levels. As expected, solid fuel production is associated
with greater solid fuel use, while the opposite holds for non-solid
fuels. These statistical results suggest that households in an aver-
age country with high levels of gas and electricity production rely
on solid fuels less than households in an average country with low
levels of gas and electricity production, and the opposite relation-
ship exists for charcoal production. We can calculate predicted
effects using these estimation results. Among the three energy
variables, shifts in Electricity production result in the most sizeable
changes in predicted solid fuel dependence: 70.2% of households
depend on solid fuels as their primary cooking fuel when all regres-
sors are held at their means; predicted solid fuel use goes down by
11% when we set the value of Electricity production to one standard
deviation above its mean. Our estimates also indicate that pre-
dicted solid fuel use declines by 5.3% and 6.5% when Gas production
goes up by one standard deviation above the mean and Charcoal
production goes down by one standard deviation below the mean,
respectively. Fig. 2 illustrates the predicted relationship between
energy production and solid fuel use. Specifically, when we change
values of Charcoal production from the minimum to the maximum,
predicted solid fuel use goes up from 48% to 83%. A shift from the
minimum to the maximum in values of Electricity production is
associated in a decline in predicted solid fuel use from 96% to
41%. Together, these empirical findings suggest that households’



Table 2
An analysis of within-country variation in solid fuel use – fixed-effects estimates.

Population model Socioeconomic model Political model Energy model Pooled Model

Population density �0.02 �0.03
(0.03) (0.04)

Population growth �0.51 1.70
(0.74) (1.32)

Population 6.22 23.74**

(5.50) (7.93)
Rural population share 0.80** 0.35

(0.21) (0.27)
GDP per capita �13.88** �9.65**

(2.09) (3.76)
GDP growth �0.06 0.02

(0.11) (0.11)
FDI 0.08 �0.04

(0.13) (0.11)
GINI 0.05 0.13

(0.13) (0.14)
Kyoto party �0.78 �0.34

(1.32) (1.39)
MPI �11.63* �6.29

(6.19) (5.97)
Regulatory quality �2.31 2.03

(1.95) (2.07)
Economic incentives �0.82** �0.88**

(0.27) (0.32)
Gas production �1.51 0.87

(1.11) (1.57)
Charcoal production 0.28 0.34

(0.64) (1.19)
Electricity production �5.74** �0.46

(1.14) (2.47)
Constant �81.18 159.69** 73.16** 107.52** �276.37**

(98.01) (16.14) (2.06) (11.43) (128.45)

Observations 187 149 164 169 119
R-squared 0.20 0.36 0.16 0.25 0.41
LL �500.05 �369.65 �397.57 �430.08 �236.17

Note: Fixed-Effects Linear Models; DV = Share of households using solid fuel for cooking. Standard errors in parentheses. Time period: 1990–2016.
* p < 0.10.
** p < 0.05.

Table 3
Relationships between energy policies and solid fuel use (bivariate correlation
coefficients).

Correlation coefficient
(p-value)

Energy access index �0.62**

(0.00)
Energy efficiency index �0.53**

(0.01)
Renewable energy index �0.29

(0.19)
Overall sustainable energy index �0.54**

(0.01)
Gas subsidies/GDP �0.55**

(0.03)

Note: **p < 0.05.

11 Senegal and Zimbabwe can serve as examples of countries which display the
association between population size and solid fuel consumption, as reflected in our
empirical results. Senegal’s population, for instance, grew from 11 million in 2005 to
15 million in 2016. This population change was accompanied by an increase in solid
fuel dependence from 55% in 2005 to 64% in 2016. Zimbabwe experienced similar
changes: in 1999, its population was 12 million with solid fuel use of 60%; in 2015,
the population went up to 15 million and solid fuel use to 68%. Nigeria provides an
example of a country, where population increases occurred while solid fuel
dependence did not change: the population was 132 million in 2003 and 181 million
in 2015. However, solid fuel dependence remained unchanged at 70%. Finally, India is
an example of a country where population trends and solid fuel use moved in
opposite directions over time: in 1992, India’s population was 906 million and solid
fuel use was 78%, but in 2005 solid fuel use declined to 71%, even though the
population grew to 1.1 billion.
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solid fuel use is linked to domestic energy production. In other
words, energy sources matter.

In the second set of results (reported in Table 2), we focus on
within-country changes in solid fuel use over time. These statisti-
cal models seek to answer the following question: which
country-level factors are associated with changes in solid fuel
use over time? In other words, controlling for time-invariant coun-
try characteristics, which variables are associated with solid fuel
use? The empirical results point to changes in solid fuel depen-
dence, which serve as a proxy for household transition from relying
on solid fuels toward cleaner alternatives. Only one population
variable (Population) achieves statistical significance in the Pooled
model. The positive coefficient on Population indicates that, as a
country’s population grows, its dependence on solid fuels grows
as well.11

One economic variable in the Pooled model has a statistically
significant relationship with solid fuel use: GDP per capita has a
negative coefficient, which means that as a country’s economy
grows, its solid fuel dependence declines. Fig. 3 illustrates the pre-
dicted relationship between GDP per capita and solid fuel use.
When we vary its values from the minimum to the maximum,
the predicted level of solid fuel use declines from 86.6% to 49.3%.
Alternatively, if GDP per capita increases from its mean to one stan-
dard deviation above the mean, predicted solid fuel use declines by
8.7%. These statistical results, consistent with results in the



Fig. 1. The Predicted Relationship of Rural Population Share, GDPpc, and GINI with Solid Fuel Use (Based on Pooled Model in Table 1).

Fig. 2. The Predicted Relationship of Charcoal and Electricity Production with Solid
Fuel Use (Based on Pooled Model in Table 1).

Fig. 3. The Predicted Relationship of GDPpc and Economic Incentives with Solid
Fuel Use (Based on Pooled Model in Table 2).

12 Based on our calculations from this model, countries have to reach the income
level of approximately 910 in constant 2010 USD (all else being equal) until there is
any noticeable transition toward cleaner fuels as a primary cooking fuel. Kenya can
serve as an illustration of this statistical result. The country’s solid fuel dependence
grew from 81% in 2003 to 84% in 2008, while its GDP per capita increased from $823
to $936. However, by 2014, solid fuel use dropped to 75%, as GDP per capita increased
further to $1048.
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population-averaged model, suggest that economic growth mat-
ters in understanding patterns of solid fuel use—a decrease can
be interpreted as a move toward cleaner fuels as a primary cooking
fuel over time.

Note that previous research suggests that the relationship
between GDP per capita and solid fuel use may not be linear, that
is, reductions in solid fuel dependence may accelerate at higher
development levels (World Bank and IEA 2017). We conduct an
additional test to evaluate this claim. We re-run the Socioeconomic
model from Table 2 with GDP per capita squared included, and then
plot predicted solid fuel use as a function of GDP per capita. Fig. 4
shows that the relationship remains negative, but it is indeed
non-linear: the decline in solid fuel use is more rapid at higher
levels of GDP per capita.12

One political variable yields a statistically significant result in
the Pooled model in Table 2: Economic incentives. The negative



Fig. 4. Non-Linear Relationship between GDPpc and Solid Fuel Use (Based on
Modified Socioeconomic Model in Table 2).

13 The database is available at http://rise.worldbank.org/indicators.
14 The data and report are available at https://www.imf.org/en/News/Articles/2015/
09/28/04/53/sonew070215a.
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coefficient on Economic incentives shows that, as a country adopts
more programs to incentivize sustainable energy initiatives (see
our definition of the variable in the previous section), households’
solid fuel use goes down. The substantive effect of a standard devi-
ation increase in Economic incentives is fairly small: the predicted
share of solid fuels declines by 1.6% when a government imple-
ments additional 2.5 programs. However, the estimated impact
of Economic incentives is non-trivial overall: when the number of
implemented programs increases from 0 (the minimum) to 13
(the maximum), while all else is fixed at mean values, predicted
solid fuel use goes down from 72% to 61%. Fig. 3 illustrates this
estimated relationship. Our estimates from this analysis suggest
that governments can play a role in incentivizing greater reliance
on cleaner fuels.

None of the energy variables reach statistical significance at
conventional levels in the Pooled model. These outcomes stand
in contrast to our results from the population-averaged models,
where solid fuel use has a positive association with solid fuel pro-
duction and a negative association with non-solid fuel production.
Future research on specific countries can incorporate other energy-
related variables such as imports of various fuels to supplement
domestic production capacity.

We can use statistically significant results from the pooled
multivariate models to construct ‘‘worst case” and ‘‘best case” sce-
narios for fuel transition. The population-averaged model indi-
cates that the ‘‘worst case” scenario would be a country with
mostly rural population, weak and unequally distributed economic
development, significant charcoal production, and without any
electricity production. Malawi, for instance, fits this scenario quite
well: in 2000, the country’s rural population of 85.5% was close to
the maximum in our data (89.6%); its economic development is
near the bottom of the distribution (390 USD) and income inequal-
ity is significant (46.4, which is above the mean of 44); the coun-
try’s production of charcoal is above the mean, while its
production of electricity is below the mean. Malawi’s predicted
solid fuel use, according to our population-averaged model, is
99%, whereas the actual value is 97.3%. In contrast, the ‘‘best case”
scenario would be an urbanized, affluent country, with equal
income distribution, substantial electricity production, and no
charcoal production. Consider Gabon in 2012. With GDP per capita
of 9,061 USD, it is the most affluent country in our sample. The
country’s population is mostly urban (only 14% live in rural areas);
and its income inequality equals the mean the sample (i.e., 44).
Gabon’s charcoal production is below the mean of the sample;
however, its electricity production is slightly below the mean,
which is the only aspect in which the country departs from our
‘‘best case” scenario. Given this, Gabon’s predicted solid fuel use
is 21.3%. The actual value is 14.6% – well within the 95% confi-
dence interval of [4;38].

The fixed-effects results suggest that the ‘‘worst case” scenario
for fuel transition is a country with the minimum value of GDP per
capita and no ongoing sustainable energy programs. For instance,
Ethiopia fits this scenario: in 2000, the country had the lowest
GDP per capita in the sample (191 USD) and no energy programs.
88% of households in such a country can be expected to use solid
fuels. 94.6% was Ethiopia’s actual solid fuel use in 2000, which falls
within the 95% confidence interval of [76;100]. The ‘‘best case” sce-
nario, in contrast, is a country with a high GDP per capita and a
large number of energy programs. Peru in 2012 can serve as an
illustration of this scenario, with its GDP per capita of 5271 USD
and 13 ongoing energy programs. The predicted value of Peru’s
solid fuel use is 45%, with the 95% confidence interval of [30;59].
The actual value of 33% is within the confidence interval. These
examples illustrate that our models generate predicted effects that
are in line with observed values.

In addition to the two sets of multivariate results presented in
Tables 1 and 2, we provide results of bivariate tests. These tests
use data on governments’ energy policies. First, we extract infor-
mation from the World Bank’s RISE (Regulatory Indicators for Sus-
tainable Energy) database.13 Four indicators (Energy access index,
Energy efficiency index, Renewable energy index, and Overall sustain-
able energy index) score countries’ policies and regulations that seek
to promote sustainable energy in 2015. The second source of energy
policy information is the IMF’s energy subsidy estimates, available
for 2013 and 2015.14 We use data on gas subsidies as a share of
GDP. We calculate bivariate correlation coefficients for solid fuel
use and each of these policy indicators. Table 3 shows that the
implementation of sustainable energy policies and non-solid fuel
subsidies are negatively and significantly associated with solid fuel
use. The only exception is Renewable energy index: the coefficient
is also negative, but fails to reach statistical significance.

To illustrate this set of results, we turn to two cases in our sam-
ple – Armenia and Madagascar. Using the overall sustainable
energy index and subsidies information, we find that the countries’
policies providing support for cleaner energy correspond to pat-
terns of solid fuel use. In Armenia’s case, in 2015 its sustainable
energy index was equal to 68 (the maximum score is 70). At the
same time, the country offers some of the highest gas subsidies
in the sample (2.48% of GDP, which is in the 89th percentile). This
high level of government support corresponds to very low depen-
dence on solid fuels: Armenia’s solid fuel use was just 3.2% in 2015.
Madagascar is on the opposite end of the spectrum, with one of the
highest solid fuel dependence levels: 99% in 2013. The country’s
government does not offer any gas subsidies, while the overall sus-
tainable energy index equals 26, which is in the 25th percentile. In
sum, results reported in Table 3 provide further statistical evidence
to suggest that governments’ energy policies can create a more
favorable environment for household transitions from solid fuels
to cleaner alternatives.
5. Conclusions

Patterns of solid fuel use exhibit significant country-level varia-
tion. Our statistical analysis focused on understanding these pat-
terns and identifying country characteristics associated with

http://rise.worldbank.org/indicators
https://www.imf.org/en/News/Articles/2015/09/28/04/53/sonew070215a
https://www.imf.org/en/News/Articles/2015/09/28/04/53/sonew070215a


Table A1
Countries included in the study.

Afghanistan Lesotho
Albania Liberia
Angola Madagascar
Armenia Malawi
Azerbaijan Maldives
Bangladesh Mali
Benin Moldova
Bolivia Morocco
Burkina Faso Mozambique
Burundi Myanmar
Cambodia Namibia
Cameroon Nepal
Chad Nicaragua
Colombia Niger
Comoros Nigeria
Congo Pakistan
Congo Democratic Republic Peru
Cote d’Ivoire Philippines
Dominican Republic Rwanda
Egypt Sao Tome and Principe
Eritrea Senegal
Ethiopia Sierra Leone
Gabon Swaziland
Gambia Tajikistan
Ghana Tanzania
Guatemala Timor-Leste
Guinea Togo
Guyana Turkmenistan
Haiti Uganda
Honduras Ukraine
India Vietnam
Indonesia Yemen
Jordan Zambia
Kenya Zimbabwe
Kyrgyz Republic

Table A2
Summary statistics.

Variables Mean S.D. Min Max Source

Solid fuel use 67.09 31.79 0 99.40 USAID
DHS

Population density 128.80 196.72 2.26 1210.50 WB WDI
Population growth 2.26 1.09 �0.76 7.28 WB WDI
Population (log) 16.58 1.38 12.00 20.84 WB WDI
Rural population share 61.08 18.25 13.95 94.51 WB WDI
GDP per capita (log) 6.98 0.87 5.25 9.11 WB WDI
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varying levels of solid fuel dependence. We derived two sets of
estimates using DHS data on solid fuel use. The first set of results
examined the association of a range of country-level characteristics
with cross-country patterns of solid fuel dependence. The second
analyzed variation in solid fuel use within countries over time. In
both cases, we sought to identify factors which display statistically
and substantively significant links to solid fuel use.

We found that in both types of models, population size and low
levels of economic development were significantly associated with
greater solid fuel dependence. In population-averaged models, sev-
eral other independent variables were linked to solid fuel use: rural
population share, income inequality, and charcoal production had
a significant positive association with solid fuel use, while gas
and electricity production had a negative association. In fixed-
effects models, economic incentives supporting renewable energy
development were negatively and significantly associated with
solid fuel use. In substantive terms, GDP per capita had the stron-
gest link with solid fuel dependence both across countries and over
time, followed by electricity production and population size.

One of the key contributions of our research is to develop a
model of solid fuel use, which allows us to analyze data with sig-
nificant spatial and temporal variation. Even though we are limited
in our ability to attribute causality to the associations that we iden-
tified, our results are an important first step in pointing subsequent
research to the areas that require further investigation. Better data
at the country level, as well as regional and local levels, would help
to address the limitations of this study.

Another important contribution of our study to understanding
fuel transition is the inclusion of policy measures in the analysis.
Previous studies describe individual cases where governments
implemented energy sector reforms and provided subsidies to pro-
mote transition to LPG; these reforms had varying results (Budya &
Arofat, 2011; Puzzolo & Pope, 2017). In India, for instance, the gov-
ernment had to adjust its policies to target lowest-income house-
holds (Government of India, 2016).

From the perspective of policy-making, this study points to pol-
icy areas where governments can take action with the goal of
reducing solid fuel dependence. Specifically, we find that income
inequality is associated with greater solid fuel dependence, which
suggests that policies reducing economic inequality may also lead
to a shift to cleaner fuels. In addition, our results demonstrate that
countries’ energy polices, including structured efforts to improve
energy access, energy efficiency, overall sustainable energy, and
gas subsidies, are strongly correlated with households’ use of solid
fuels as their primary cooking fuel. This means that governments
can rely on such programs, especially in rural and less affluent
regions that are highest in solid fuel dependence, and nudge
households to turn to cleaner fuels. Furthermore, sustainable
energy policies are the most direct way for a government to
encourage fuel transition, and our results provide evidence that
government policies can create more favorable conditions for
household fuel transition in their countries.
GDP growth 5.15 4.66 �20.50 26.40 WB WDI
FDI 4.74 6.52 �4.62 37.26 WB WDI
GINI 43.97 10.09 16.64 73.9 V-DEM
Kyoto party 0.81 0.39 0 1 UNFCCC
MPI 0.26 0.21 0 0.73 V-DEM
Regulatory quality �0.51 0.48 �2.10 0.50 V-DEM
Economic incentives 1.43 2.48 0 13 IEA
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Table A3
Models of solid cooking fuel use (controlling for female education).

PA population model PA pooled model FE population model FE pooled Model

Female share with primary education �0.17 0.06 0.09 �0.02
(0.34) (0.24) (0.30) (0.26)

Population density �0.01 0.02 �0.02 �0.02
(0.01) (0.01) (0.04) (0.04)

Population growth 5.88** 2.59 �0.77 1.34
(1.62) (1.63) (0.91) (1.79)

Population 2.23 6.40** 3.53 26.27**

(1.50) (2.96) (6.40) (9.71)
Rural population share 1.01** 0.33** 0.74** 0.30

(0.13) (0.13) (0.24) (0.31)
GDP per capita �12.82** �9.04**

(3.29) (4.08)
GDP growth �0.04 0.06

(0.17) (0.12)
FDI 0.20 �0.04

(0.15) (0.13)
GINI 0.37** 0.07

(0.14) (0.18)
Kyoto party 2.59 �0.76

(1.90) (1.72)
MPI 12.45* �10.33

(6.87) (8.90)
Regulatory quality �0.81 1.61

(2.66) (2.44)
Economic incentives 0.05 �0.96**

(0.33) (0.34)
Gas production �0.99 0.81

(0.62) (1.74)
Charcoal production 3.63** �0.05

(0.97) (1.52)
Electricity production �5.67** �1.36

(1.87) (2.73)
Constant �43.88* 22.39 �33.56 �308.57*

(25.10) (52.01) (113.21) (154.64)

Observations 165 108 165 108
R-squared 0.21 0.45
LL �442.14 �212.04

Note: Population-averaged and fixed-effects linear models. DV = Share of households using solid fuel for cooking. Standard errors in parentheses. Time period: 1990–2016.
* p < 0.10.
** p < 0.05.

Table A4
Summary statistics by country.

Country Solid fuel
use

Population
density

Population
growth

Population
(log)

Rural population
share

GDP per capita
(log)

GDP
growth

FDI GINI

Afghanistan 66.70 50.18 3.18 17.30 73.72 6.41 1.31 0.22 .
Albania 31.60 108.39 �0.76 14.90 51.10 8.16 5.90 6.10 31.10
Angola 54.50 18.67 3.54 16.95 60.15 8.06 8.82 �2.34 42.70
Armenia 8.88 104.36 �0.37 14.90 36.06 7.80 0.80 6.45 35.44
Azerbaijan 9.80 101.52 1.02 15.94 47.61 7.99 26.40 33.80 16.64
Bangladesh 87.90 1141.02 1.35 18.82 70.96 6.54 5.75 0.97 36.65
Benin 92.70 66.41 3.01 15.82 60.77 6.55 3.93 0.18 36.57
Bolivia 34.40 7.81 1.83 15.94 37.98 7.39 3.77 4.50 56.12
Burkina Faso 90.93 54.22 2.96 16.50 75.91 6.27 3.38 1.76 41.01
Burundi 98.35 341.37 3.21 15.99 89.36 5.45 3.83 0.08 41.80
Cambodia 90.13 76.56 1.80 16.42 80.62 6.44 7.44 7.53 35.84
Cameroon 74.55 38.59 2.68 16.71 50.57 7.07 3.65 2.17 44.00
Chad 94.70 10.43 3.32 16.39 77.77 6.84 5.70 4.02 37.26
Colombia 16.12 38.32 1.33 17.56 26.77 8.61 2.60 2.78 54.89
Comoros 75.30 379.67 2.42 13.47 72.03 6.65 2.60 3.94 55.90
Congo, Rep. 76.07 11.82 3.14 15.21 37.97 7.84 5.93 10.31 48.90
Congo, Dem. Rep. 96.25 27.68 3.28 17.95 60.54 5.75 6.24 6.93 42.10
Cote d’Ivoire 78.00 64.16 2.31 16.83 49.44 7.11 2.02 1.44 44.50
Dominican Republic 17.88 179.26 1.60 15.97 35.98 8.25 3.06 3.73 50.10
Egypt 0.87 72.53 1.87 18.09 57.13 7.59 4.19 1.17 37.92
Eritrea 72.85 32.59 1.29 15.00 82.92 6.33 14.99 1.61 .
Ethiopia 94.38 75.66 2.72 18.21 83.28 5.66 10.42 2.83 30.43
Gabon 14.60 6.59 3.41 14.34 13.95 9.11 7.09 3.83 44.10

(continued on next page)
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Table A4 (continued)

Country Solid fuel
use

Population
density

Population
growth

Population
(log)

Rural population
share

GDP per capita
(log)

GDP
growth

FDI GINI

Gambia 90.10 178.08 3.14 14.40 42.29 6.28 5.86 4.53 47.10
Ghana 78.23 106.08 2.45 16.99 49.82 7.20 5.02 5.45 40.70
Guatemala 60.50 145.54 2.11 16.56 49.34 7.99 3.70 2.51 50.39
Guinea 97.60 41.77 2.06 16.14 66.14 6.09 3.12 7.05 38.60
Guyana 8.70 3.80 �0.12 13.53 71.71 7.88 2.64 6.54 44.20
Haiti 93.73 334.65 1.59 16.03 56.39 6.57 1.57 0.82 56.45
Honduras 51.40 68.81 2.18 15.85 50.21 7.51 4.98 4.91 55.75
India 74.30 337.64 1.84 20.72 72.76 6.53 4.34 0.56 34.42
Indonesia 45.63 126.97 1.36 19.25 53.26 7.88 5.10 0.61 33.61
Jordan 0.05 71.24 3.88 15.65 18.45 8.14 5.80 11.15 37.08
Kenya 79.73 68.01 2.71 17.46 77.40 6.84 4.43 1.51 62.50
Kyrgyz Republic 22.20 28.75 1.22 15.52 64.66 6.83 5.96 11.32 27.84
Lesotho 59.10 66.26 1.01 14.51 76.27 7.01 4.46 2.13 60.00
Liberia 98.08 42.28 3.20 15.22 51.72 5.84 5.31 35.26 43.00
Madagascar 99.04 35.74 2.83 16.84 68.41 6.01 �0.02 6.78 44.35
Malawi 97.57 154.45 2.95 16.48 84.58 6.07 5.47 5.73 42.76
Maldives 5.70 1206.67 3.66 12.80 62.45 8.75 12.67 7.98 38.40
Mali 98.15 11.53 3.00 16.45 65.91 6.49 4.19 2.47 41.67
Moldova 14.70 125.50 �0.25 15.10 54.59 7.15 7.40 5.81 35.03
Morocco 8.40 66.13 1.13 17.20 46.01 7.66 3.12 0.19 39.40
Mozambique 96.80 28.06 2.92 16.90 69.68 5.90 7.45 8.29 45.94
Myanmar 76.50 79.51 0.92 17.77 66.45 7.14 7.99 3.32 .
Namibia 56.07 2.49 1.96 14.53 62.62 8.41 3.65 4.62 73.90
Nepal 78.10 183.22 1.35 17.08 83.99 6.32 4.45 0.20 42.33
Nicaragua 60.40 41.77 1.55 15.43 45.26 7.18 4.10 5.22 54.77
Niger 97.60 12.11 3.75 16.54 82.76 5.81 3.41 9.04 37.94
Nigeria 71.14 169.80 2.63 18.85 57.58 7.63 5.63 2.84 43.79
Pakistan 64.35 212.80 2.08 18.91 64.13 6.92 5.21 1.32 31.74
Peru 36.11 22.01 1.28 17.15 24.40 8.37 5.44 4.45 48.88
Philippines 62.50 312.17 1.66 18.35 54.56 7.66 6.65 1.62 46.33
Rwanda 98.60 388.12 3.17 16.07 78.60 6.18 6.79 1.75 46.07
Sao Tome and

Principe
71.70 169.90 2.34 12.00 40.35 6.93 3.25 24.71 30.80

Senegal 63.71 67.25 2.83 16.37 57.72 6.90 4.34 2.42 40.43
Sierra Leone 98.43 92.46 2.44 15.71 61.28 6.05 0.91 9.79 39.00
Swaziland 57.40 64.29 0.98 13.92 77.96 8.13 6.00 �1.44 50.40
Tajikistan 29.20 55.84 2.26 15.87 73.47 6.65 7.40 2.47 33.60
Tanzania 95.60 48.33 3.02 17.56 73.57 6.47 6.24 3.52 36.70
Timor-Leste 94.90 72.50 1.23 13.89 71.80 6.55 14.20 6.02 31.90
Togo 91.50 126.12 2.66 15.74 61.51 6.23 4.82 3.14 33.80
Turkmenistan 0.30 9.50 1.19 15.31 54.31 7.73 16.50 5.10 26.50
Uganda 96.12 154.84 3.38 17.24 86.23 6.27 6.47 3.76 44.07
Ukraine 4.20 80.76 �0.68 17.66 32.03 8.00 7.30 5.20 35.40
Vietnam 67.00 262.64 1.20 18.22 73.32 6.88 7.54 3.54 37.17
Yemen 35.00 47.20 2.70 17.03 67.10 7.01 2.40 0.00 37.70
Zambia 86.20 16.87 2.84 16.34 62.86 7.09 6.47 5.00 52.23
Zimbabwe 66.00 34.83 1.72 16.41 66.72 6.81 2.14 2.82 73.30

Country Kyoto
party

MPI Regulatory
quality

Economic
incentives

Gas production
(log)

Charcoal
production
(log)

Electricity
production
(log)

DHS years

Afghanistan 1.00 0.12 �1.13 0.00 �6.91 4.84 6.96 2015
Albania 1.00 0.37 0.07 1.00 �6.91 . 7.99 2008
Angola 0.67 0.05 �1.09 0.67 �6.91 7.01 8.55 2015
Armenia 0.75 0.12 0.21 0.00 �6.91 . 8.67 2000; 2005; 2010
Azerbaijan 1.00 0.01 �0.55 0.00 1.81 1.79 10.04 2006
Bangladesh 1.00 0.29 �0.91 1.00 2.88 5.76 10.42 2004; 2007; 2011; 2014
Benin 0.50 0.50 �0.37 0.00 �6.91 5.28 4.42 1996; 2001; 2006; 2011
Bolivia 0.67 0.61 �0.51 0.67 1.92 3.06 8.30 1994; 2003; 2008
Burkina Faso 0.67 0.37 �0.14 0.33 �6.91 6.32 6.35 2003; 2010
Burundi 1.00 0.14 �1.07 0.00 �6.91 4.09 4.87 2010
Cambodia 0.75 0.10 �0.44 0.00 �6.91 6.46 6.76 2000; 2005; 2010; 2014
Cameroon 1.00 0.06 �0.78 0.00 �6.91 5.01 8.45 2004; 2011
Chad 1.00 0.04 �1.00 0.00 �6.91 6.07 5.42 2014
Colombia 0.60 0.36 0.21 3.60 2.00 6.09 10.88 1995; 2000; 2005; 2010; 2015
Comoros 1.00 0.27 �1.36 0.00 �6.91 3.71 4.05 2012
Congo, Rep. 0.67 0.05 �1.17 0.00 �6.91 5.15 6.26 2005; 2011
Congo, Dem. Rep. 1.00 0.10 �1.41 1.00 �6.91 7.32 8.93 2007; 2013
Cote d’Ivoire 1.00 0.25 �0.91 0.00 �6.91 7.11 8.69 2011
Dominican Republic 0.60 0.39 �0.19 0.40 �6.91 3.97 9.08 1991; 1996; 2002; 2007; 2013
Egypt 0.33 0.01 �0.49 0.00 3.40 7.12 11.33 2000; 2003; 2005
Eritrea 0.00 0.00 . 0.00 �6.91 4.55 5.27 1995; 2002
Ethiopia 0.75 0.03 �0.94 1.00 �6.91 8.08 7.92 2000; 2005; 2011
Gabon 1.00 0.13 �0.56 0.00 �6.91 3.03 7.62 2012
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Table A4 (continued)

Country Kyoto
party

MPI Regulatory
quality

Economic
incentives

Gas production
(log)

Charcoal
production
(log)

Electricity
production
(log)

DHS years

Gambia 1.00 0.05 �0.23 0.00 �6.91 4.12 5.58 2013
Ghana 1.00 0.55 �0.12 4.25 �6.91 7.07 9.07 2003; 2008; 2014
Guatemala 1.00 0.37 �0.21 4.00 �6.91 4.23 9.21 2014
Guinea 1.00 0.07 �0.97 0.00 �6.91 5.80 6.84 2005; 2012
Guyana 1.00 0.41 �0.44 8.00 �6.91 �0.03 6.66 2009
Haiti 0.67 0.16 �1.19 0.00 �6.91 6.00 6.58 2000; 2005; 2012
Honduras 1.00 0.31 �0.27 2.00 �6.91 2.21 8.66 2005; 2011
India 0.33 0.58 �0.40 0.00 3.10 7.39 13.04 1992; 1998; 2005
Indonesia 0.67 0.52 �0.33 5.67 4.31 6.54 11.81 2002; 2007; 2012
Jordan 0.75 0.00 0.32 0.75 �6.91 3.50 9.35 2002; 2007; 2009; 2012
Kenya 0.67 0.22 �0.24 1.00 �6.91 4.82 8.80 2003; 2008; 2014
Kyrgyz Republic 1.00 0.25 �0.22 0.00 �6.91 . 9.63 2012
Lesotho 1.00 0.50 �0.52 0.00 �6.91 4.53 6.18 2004; 2009; 2014
Liberia 1.00 0.51 �1.08 0.00 �6.91 5.46 5.58 2013
Madagascar 1.00 0.15 �0.47 1.00 �6.91 6.93 7.11 2003; 2008
Malawi 0.83 0.15 �0.60 1.83 �6.91 6.15 7.46 2000; 2004; 2010; 2015
Maldives 1.00 0.28 �0.39 0.00 �6.91 �0.31 5.63 2009
Mali 0.75 0.40 �0.39 1.75 �6.91 4.85 7.12 2001; 2006; 2012
Moldova 1.00 0.30 �0.44 0.00 �6.91 0.00 6.93 2005
Morocco 1.00 0.00 �0.16 0.00 �6.91 4.54 9.62 2003
Mozambique 0.67 0.21 �0.38 0.00 �6.91 6.06 9.60 2003; 2011
Myanmar 1.00 0.12 �1.39 1.00 2.98 3.33 9.56 2015
Namibia 0.67 0.47 0.09 1.33 �6.91 4.47 7.27 2000; 2006; 2013
Nepal 0.75 0.19 �0.65 0.25 �6.91 4.25 7.77 2001; 2006; 2011
Nicaragua 1.00 0.43 �0.11 1.00 �6.91 3.22 7.74 2001
Niger 1.00 0.43 �0.47 0.00 �6.91 3.62 5.62 2006; 2012
Nigeria 0.80 0.22 �0.87 0.80 3.56 7.97 10.10 2003; 2008; 2013
Pakistan 1.00 0.21 �0.62 1.00 3.73 4.23 11.45 2006; 2012
Peru 0.86 0.58 0.34 8.57 1.13 4.31 10.28 2000; 2004; 2007; 2009; 2010; 2011;

2012
Philippines 1.00 0.31 �0.08 4.50 �6.91 7.24 11.10 2008; 2013
Rwanda 0.83 0.02 �0.34 0.00 �6.91 5.46 5.42 2000; 2005; 2007; 2010; 2014
Sao Tome and

Principe
1.00 0.50 �0.75 0.00 �6.91 2.13 3.81 2008

Senegal 1.00 0.57 �0.23 2.38 �6.91 6.11 7.77 2005; 2008; 2010; 2012; 2014
Sierra Leone 1.00 0.34 �0.88 0.00 �6.91 5.93 4.64 2008; 2013
Swaziland 1.00 0.00 �0.57 0.00 �6.91 3.59 6.01 2006
Tajikistan 1.00 0.02 �0.97 0.00 �6.91 . 9.69 2012
Tanzania 1.00 0.22 �0.43 2.17 �6.91 7.40 8.29 2004; 2010; 2015
Timor-Leste 1.00 0.49 �1.37 0.00 �6.91 . 4.71 2009
Togo 1.00 0.21 �0.86 0.00 �6.91 6.45 5.99 2013
Turkmenistan 1.00 0.00 . 0.00 3.75 . 9.09 2000
Uganda 0.80 0.08 �0.20 4.80 �6.91 6.76 7.64 2000; 2006; 2011
Ukraine 1.00 0.40 �0.51 1.00 2.93 3.22 12.17 2007
Vietnam 1.00 0.00 �0.54 0.00 1.86 6.30 10.74 2005
Yemen 1.00 0.14 �0.70 0.00 2.29 4.29 8.86 2013
Zambia 0.67 0.28 �0.44 0.67 �6.91 6.81 9.19 2001; 2007; 2013
Zimbabwe 0.50 0.05 �1.70 1.25 �6.91 2.22 9.02 1999; 2005; 2010; 2015

Note: When data from multiple surveys are available, reported values are averages.
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