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A B S T R A C T   

What effects do domestic and international policies have on household solid fuel consumption? Previous studies 
analyze some of the policies that national governments and international organizations have implemented to 
reduce solid fuel dependence, but these studies tend to examine one policy and/or one country at a time. In 
contrast, this article seeks to provide a more systematic analysis of whether and to what extent domestic and 
international policies can encourage transition to less polluting fuels. Using data on the proportion of population 
using solid cooking fuels, and domestic and international programs promoting renewable energy, we evaluate 
the association between renewable energy policies and household solid fuel dependence. Our statistical tests 
show that such policies, regardless of their domestic or international origins, matter in explaining the level of 
solid fuel dependence. As the number of domestic policies increases, the share of population using solid fuels 
tends to decline. International efforts to promote renewable energy are also linked to reduced solid fuel 
dependence in countries where such international programs are implemented.   

1. Introduction 

Indoor air pollution driven by solid fuel consumption remains a 
significant health hazard in many parts of the world. In 2017, as much as 
47 percent of global population, residing predominantly in South and 
East Asia, and sub-Saharan Africa, experienced regular exposure to 
household air pollution as a result of their dependence on solid fuels 
(Health Effects Institute 2019: 8). These regions, consequently, bear the 
brunt of health damage caused by exposure to indoor air pollution. 
Whereas globally just 21 age-standardized deaths per 100,000 people 
could be attributed to this type of air pollution in 2017, in low-income 
regions of the world the toll was significantly higher – 96 age- 
standardized deaths per 100,000 people. The highest values of this 
standardized indicator were calculated for the Central African Republic 
(153) and Papua New Guinea (219), according to the State of Global Air 
2019 database. 

Solid fuel consumption also generates broader environmental costs, 
such as deforestation, soil erosion and biodiversity loss. For instance, 
Stevenson (1989) links rapid deforestation in Haiti to firewood and 
charcoal production and consumption. Moreover, Barlow et al. (2016) 

find that economic activities in tropical forests can lead to a significant 
loss of conservation value, even if such activities do not always result in 
substantial deforestation. Household solid fuel use also contributes to 
global climate change: for instance, Bond et al. (2013) report that solid 
fuel burning accounts for 60–80 percent of Asian and African emissions 
of black carbon, which is second only to carbon dioxide in its contri-
bution to global climate warming. 

One of the important drivers of transition to less polluting fuels is 
government policies. As our literature review in the next section sug-
gests, previous research has examined extensively the implementation 
and success of government programs promoting electrification and the 
use of gas, including liquified petroleum gas (LPG). While traditional 
propane is a clean-burning fuel, there is a growing interest in using 
renewable propane, i.e., bio-LPG, which relies on production sources 
such as vegetable and animal oils. Previous studies find that national 
governments and international organizations have deployed a broad 
range of policies to facilitate transition from solid fuel to modern energy 
sources. Such policies include subsidies, price controls, distribution of 
cleaner stoves and cooking fuels. However, one of the key limitations of 
the existing research is its focus on one policy and/or one country at a 
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time, which hampers comparisons in examining impacts of different 
approaches and the importance of country context for fuel transition. 

In addition, measures seeking to encourage households to switch 
from traditional fuels to cleaner alternatives can be viewed as part of 
broader national (or domestic) and international strategies to transition 
to clean energy derived from renewable sources. Renewable energy has 
multiple energy sources such as natural energy fluxes of the sun, the 
wind, gravity, photosynthesis, and geothermal heat (Moomaw 2008), 
while oil, coal, and natural gas are non-renewable energy sources (Baul 
et al., 2018). Consider the magnitude of such renewable energy efforts, 
relative to more narrow programs to phase out solid cooking fuels, in the 
case of the World Bank, one of the largest international development 
agencies. According to the 2021 annual report on progress towards 
Sustainable Development Goal (SDG) 7, the World Bank’s new initiative, 
the Clean Cooking Fund, is expected to provide $500 million in project 
funding to accelerate progress toward universal access to clean cooking 
between 2019 and 2030 (IEA, IRENA, UNSD, World Bank, WHO, 2021). 
The scale of this program and its potential impact stand in stark contrast 
to the World Bank’s existing renewable energy portfolio, which totaled 
$22 billion between 2000 and 2017 (IEG, 2020). Therefore, it is 
important to understand whether these large-scale programs can help to 
accelerate transition to cleaner household fuels. 

To date, there are few, if any, systematic studies on the effect of 
programs promoting renewable energy on solid fuel dependence. This 
article aims to fill this gap and contribute to our understanding of the 
impact of such energy policies on households’ transition to cleaner en-
ergy sources. Furthermore, we differentiate energy programs by origin 
(domestic vs. international), policy instrument (e.g., economic or reg-
ulatory instruments), and policy target (e.g., solar or wind energy) to 
compare their impacts on solid fuel use. We show that domestic and 
international renewable energy policies are statistically significant de-
terminants of households’ solid fuel dependence. While both types of 
policies are associated with reduced solid fuel use, international efforts 
appear to have a more enduring influence on clean fuel transition than 
domestic policies. Our analysis also shows that economic instruments, 
regulatory instruments, and voluntary approaches are policies that can 
succeed in incentivizing household fuel transition, but there is no evi-
dence that other policy instruments (i.e., information and education 
policies, policy support, and R&D and deployment measures) can have a 
similar effect. Voluntary approaches are defined as “agreements on 
environment performance negotiated with industry and public pro-
grams in which firms can volunteer to participate” (OECD, 2000; OECD, 
2003). For instance, Environment Canada, which is the main federal 
environmental agency, and Ontario’s Ministry of the Environment 
negotiated the Accelerated Reduction/Elimination of Toxics program 
and the Environmental Management Agreement with the steel company 
Dofasco Inc in 1997 (OECD 2003, 28-29). These negotiations helped the 
federal and provincial governments to involve Dofasco in their efforts to 
protect the natural environment by advancing the prevention and 
abatement of releases from Dofasco’s steel manufacturing facility in 
Hamilton, Ontario. Finally, we identify national programs in wind, 
bioenergy, and geothermal sectors as promising policy targets with re-
gard to reductions in solid fuel dependence. 

2. Existing research on determinants of solid fuel use 

Where does energy consumed by households come from? What is the 
impact of using different types of energy on human health and natural 
environment? The 2021 annual report on progress towards SDG 7 – 
affordable and clean energy – shows that, as of 2019, 759 million people 
still lack access to electricity and 2.6 billion people depend on tradi-
tional cooking technologies and fuels (IEA et al., 2021). Some estimates 
are more pessimistic: Ayaburi et al. (2020) calculate that 3.5 billion 
people do not have reliable access to electricity. Even though modern 
fuels, including LPG and electricity, are more sustainable and efficient 
than traditional alternatives, households in lower-income countries 

remain heavily dependent on solid fuels. In particular, households’ solid 
fuel use shows little or no change over time in sub-Saharan Africa, the 
Western Pacific and South-East Asia, especially rural China (McLean 
et al., 2019b; WHO, 2013). 

Traditional fuel usage presents a significant environmental hazard 
for human health (Rahut et al., 2017). Cooking with solid fuels generates 
significant indoor air pollution, which increases a number of health 
risks, including child mortality and respiratory diseases (Bruce et al., 
2000; Ezzati and Kammen, 2002; Gall et al., 2013). Household air 
pollution from burning solid cooking fuels adversely impacts about 3 
billion people worldwide and results in approximately 3.5 million pre-
mature deaths and 77 million patients annually (WHO, 2018; Rajkumar 
et al., 2019; Admasie et al., 2019; Osano et al., 2020). Women and 
children are particularly vulnerable, as their level and duration of 
exposure are greater, and existing research shows a direct association 
between hours of use and health damage (Arlington et al., 2019; Tamire 
et al., 2019; Liu et al., 2020). Solid fuel use not only contributes to 
adverse health outcomes, but also harms childhood learning and 
development in lower-income countries. For instance, children in 
households dependent on solid fuel had lower IQ than those in families 
with LPG access (Brabhukumr et al., 2020). Similarly, children exposed 
to indoor air pollution associated with solid fuel use show worse per-
formance on early childhood development indicators (Nazif-Muñoz 
et al., 2020). Adverse impacts of solid fuel dependence are evident not 
only in young children, but also middle-aged and elderly people, whose 
cognitive abilities and mathematical reasoning deteriorates as air 
pollution resulting from solid fuel consumption grows (Qiu et al., 2019). 
Therefore, transition to cleaner energy sources is required to reduce 
indoor air pollution, thereby producing substantial health and other 
benefits for vulnerable groups, such as women and children (Meng et al., 
2019). Existing research indicates that, when low or lower-middle- 
income countries (LMICs) transition away from solid fuels toward LPG 
and electricity in the process of urbanization and economic develop-
ment, these changes in household energy sources produce measurable 
health benefits (Maji and Kandlikar, 2020). 

What explains cross-country variation and temporal shifts in 
households’ use of solid fuels? Previous studies have identified a number 
of determinants of solid fuel consumption (e.g., McLean et al., 2019b). 
For instance, in contrast to urban populations, rural residents in LMICs 
typically depend on firewood, dung and charcoal to satisfy their cooking 
and heating needs. The utilization of solid fuel in rural areas is higher 
than in urban areas due to differences in household incomes and fuel 
prices (Osano et al., 2020; McLean et al., 2019a). However, results from 
a study conducted in rural areas of India and Ethiopia question the 
relationship between household income and the use of solid fuels: the 
top income quartile in rural areas shows preference for solid fuels as an 
energy source (Sehjpal et al., 2014; Guta, 2014). Therefore, despite a 
general shift from traditional energy sources (e.g., coal and firewood) to 
modern fuels (e.g., electricity and LPG) as a consequence of growing 
household incomes, a mixed fuel choice pattern can sometimes emerge, 
depending on preferences and needs (Barnes et al., 2005; DeFries and 
Pandey, 2010; Wolf et al., 2017; Ravindra et al., 2019). In other words, 
economic development and income growth alone may not always 
reduce solid fuel dependence, because accessibility, reliability, and 
cultural factors can serve as important drivers of fuel choices. These 
factors can be countered by governments, which may encourage the fuel 
transition process by implementing policies to promote and incentivize 
adoption of less polluting energy sources. Such policies may include 
regulatory and monetary incentives, or investments in awareness and 
information dissemination campaigns, such as education programs 
(Pachauri and Jiang, 2008; Muller and Yan, 2018; Rahut et al., 2019). 

A broad range of national-level economic programs seeks to 
encourage adoption of cleaner stoves and cooking fuels in different re-
gions of the world. For instance, national governments can design do-
mestic energy policies offering economic incentives, such as subsidies, to 
encourage transition away from solid fuels. Households may resist 
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switching to cleaner energy sources because cleaner fuels are usually 
more expensive and require a significant change in habits (Troncoso and 
Soares da Silva 2017, 189). Hence, adoption of cleaner fuel alternatives 
may depend on economic assistance to offset their costs and lower op-
portunity costs from avoiding solid fuels (Slaski and Thurber, 2009). 

Empirical studies have analyzed such domestic economic programs 
encouraging fuel transition, and explained their adoption in a variety of 
countries located in different regions of the world. Subsidies and grant 
programs for low-income households made LPG and electricity more 
accessible as energy sources in Argentina, Brazil, Mexico, Indonesia, 
Thailand and Ghana, to list just a few examples (Troncoso and Soares da 
Silva, 2017; Smith et al., 2005; Coelho and Goldemberg, 2013; Kojima, 
2011; Septin et al., 2019; Hanung & Muhammad, 2011; Edgar et al., 
2014). Another economic measure that national governments 
commonly implement is distribution of free or low-priced stoves and 
LPG cylinders, which lower households’ costs of transition from tradi-
tional energy sources to cleaner substitutes. Existing research details 
such policies implemented by governments of Ecuador, Indonesia, and 
Mexico, among others (Troncoso and Soares da Silva, 2017; Troncoso 
et al., 2019; Araujo, 2015; El Universo, 2017; Septin et al., 2019). 

Governments can also enact a set of regulatory policies to expand 
clean fuel use. Such policies not only reduce costs of clean fuels, but also 
increase costs of traditional fuels, thereby affecting households’ energy 
choices. Besides providing incentives or subsidies, tradable permits and 
carbon taxes are popular measures that governments adopt to promote 
renewable energy. The regulatory framework is at least as important as 
subsidies in the case of renewable energy. One of the regulatory policies 
takes the form of feed-in tariffs, which set a price that is guaranteed over 
a certain period of time, so that power producers can rely on this price 
when they sell renewably generated electricity to the grid. Another type 
of a regulatory policy is quota obligations: governments set standards 
requiring a minimum percentage of energy sold or capacity installed to 
be derived from renewable energy sources. Feed-in tariff regulations 
have been introduced in at least 50 countries, including most European 
Union member states, which have also implemented quota policies at 
the national level (Tükenmez and Demireli, 2012). 

Consumers are more likely to continue using traditional fuels rather 
than switch to cleaner alternatives when they do not have sufficient 
information about clean fuels. Also, when consumers are not aware of 
exact costs and benefits of different energy types, they may be reluctant 
to abandon traditional cooking stoves and fuels. Governments can 
address these knowledge gaps by providing relevant information and 
educating the public (Kandpal and Broman, 2014). Jennings (2009) 
finds that educational programs can be effective in informing the gen-
eral public about renewable energy. This suggests that governments can 
implement educational policies with the goal of influencing consumers’ 
attitudes and preferences to make clean energy options more acceptable 
to the public. 

Various policies aiming to reduce solid fuel consumption have been 
executed at the international level as well. One example of such an 
international-level effort is a program linked to the Central American 
Integration System (Sistema de la Integración Centroamericana, SICA), 
which aimed to promote clean energy. SICA placed a high priority on 
transition to modern cooking fuels in Central America as part of its 
Sustainable Energy Strategy for 2020, with the goal of reducing fire-
wood consumption through distribution of one million cleaner cooking 
stoves (SICA, 2009). In connection to this initiative, Nicaragua and 
Guatemala eliminated regulations on all petroleum fuel prices. 
Guatemala taxes LPG, but Nicaragua does not subsidize or impose a tax 
on LPG. Honduras provides a small amount of subsidy on LPG and im-
plements regulations on retail and wholesale prices of oil products in 
accordance with import parity criteria (WB-ESMAP, 2010). 

Some of these international programs are supported by non- 
governmental organizations (NGOs), which seek to coordinate interna-
tional efforts to promote the use of clean energy. One such NGO is the 
Clean Cooking Alliance: its goal is to support development of clean 

cooking solutions and make clean cooking stoves and fuels accessible as 
widely as possible. Given the recognition that cooking with solid fuels 
causes household air pollution and significant environmental and health 
burdens (Chafe et al., 2013), the Clean Cooking Alliance attempts to 
replace existing cooking techniques with improved alternatives, 
reducing pollution from traditional energy sources (Rosenthal et al., 
2017). Unlike national governments, international NGOs cannot enforce 
policies. Thus, they focus on programs that either provide information 
about clean fuels, raise public awareness of harms associated with solid 
fuels, provide funding for research and development, or encourage 
consumers to switch to less polluting cooking alternatives (e.g., by 
distributing cleaner stoves free of charge). 

Adverse health effects of solid fuel consumption attract the attention 
of international development and health agencies and motivate them to 
formulate and implement clean energy policies at the international 
level. Specifically, the World Health Organization (WHO) identified 
solid fuel dependence as a public health hazard that requires urgent 
action (Liao et al., 2019; Troncoso et al., 2019). The WHO’s involvement 
encourages domestic governments to implement policies that offer 
subsidies for LPG use or promote adoption of induction stoves (Gould 
et al., 2018). In one of the WHO regions, the Pan American Health Or-
ganization (PAHO) seeks to provide technical assistance and advocacy 
to increase the pace of clean energy transition (Pan American Health 
Organization. 2018). PAHO also supports countries’ progress toward 
achieving the Sustainable Development Goals (SDGs), and provides 
member governments with evidence of possible impacts of various en-
ergy policies and programs on health outcomes (Haby et al. 2016). One 
of the SDGs is particularly relevant in this regard: SDG7 focuses on clean 
and accessible energy. This SDG emphasizes the importance of providing 
affordable and clean energy sources, and the influence of clean energy 
on local communities and global climate (Hillerbrand, 2018). 

In sum, there is a well-documented range of policies implemented at 
the national and international levels aiming to promote transition from 
solid fuels to modern energy sources. Yet, research measuring effects of 
various policies on the pace of fuel transition tends to have a single- 
policy and/or single-country focus, which limits scholars’ ability to 
assess overall impacts of efforts to promote fuel transition. Moreover, 
policies narrowly targeting households’ solid fuel consumption are a 
relatively small subset of clean energy policies adopted and imple-
mented by governments and international organizations. Therefore, this 
article broadens the scope of investigation to include all policies that aim 
to reduce dependence on polluting fuels and increase the use of clean, 
sustainable energy from a variety of sources, such as solar, wind, hy-
dropower, bioenergy, geothermal, and ocean. 

3. Research Methods 

To evaluate the role of national and international policies on 
household transition to cleaner cooking fuels, we construct a dataset, 
using four sources of data. First, we obtain solid fuel data from the State 
of Global Air 2019 Database (Health Effects Institute 2019; 
https://www.stateofglobalair.org/data/#/air/plot). Second, the Inter-
national Energy Agency’s Policies and Measures Database (https 
://www.iea.org/policies/about) provides information for one of our 
key explanatory variables – Domestic policy (count). Third, AidData.org 
(http://dashboard.aiddata.org/) is the data source for International pol-
icy (count), another key explanatory variable. Finally, we extract data 
for all control variables from the World Bank’s Word Development In-
dicators dataset (https://databank.worldbank.org/home). We summa-
rize all variables in Table A1 of the Appendix. The unit of analysis is 
country-year. 

3.1. Dependent variable: solid fuel dependence 

To construct our dependent variable, we use the State of Global Air 
2019 Database. The data on the proportion of population using solid 
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fuels are available for all countries in 5-year increments for the period 
between 1990 and 2010, and then annually until 2017. With this spatial 
and temporal coverage, we have 2338 country-year observations. To 
improve our coverage, we use linear interpolation to fill in missing 
values prior to 2010. As a result, our sample size increases to 5939 
country-year observations. 

Fig. 1 illustrates temporal changes in solid fuel dependence at the 
aggregate level. The average value of the variable shows a substantial 
decline: from 46.3 percent in 1990 to 32.4 percent in 2017 (panel (a) of 
Fig. 1). At the same time, the median has decreased even more 
dramatically: from 39 to 13.5 percent during the period under study 
(panel (b) of Fig. 1). Countries with maximum values of solid fuel 
dependence (100 percent of the population relies on solid fuels for 
cooking) are located in Africa: Central African Republic, Democratic 
Republic of the Congo, Burundi, Rwanda, Somalia and South Sudan. All 
of these countries showed improvement in solid fuel dependence to-
wards the end of the period under study, but such changes are extremely 
small. For instance, the 2017 value for Burundi, Rwanda and South 
Sudan is 99 percent. The lowest levels of solid fuel dependence are 
observed in advanced economies, such as the U.S., Japan and Canada 
(0.17, 0.11, and 0.08 percent, respectively, in 2017), as well as countries 
with significant natural gas deposits, such as Qatar and Russia (0.02 and 
0.18 percent, respectively, in 2017). 

3.2. Main explanatory variables: domestic and international policies 

3.2.1. Domestic policy (count) 
We use information from the International Energy Agency’s Policies 

and Measures Database to count the number of renewable and clean 
energy policies deployed at the national level in each of the countries 
included in our dataset. For time coverage, we restrict our focus to the 
years, for which we have data on solid fuel dependence (i.e., 
1990–2017). We create a count measure that adds up the number of 
active policies in a given year. When a government terminates or re-
places a policy, it does not contribute to our count measure afterwards. 
60% of country-year observations have no domestic renewable energy 
policies associated with them. China leads the world with the highest 
number of such policies – all implemented in recent years. Although the 
country lagged behind many others in the adoption of such policies (for 
instance, Germany’s first policy in our dataset dates back to 1990), from 
the year when China’s first policies were recorded (2006) until the end 
of the coverage period of the dataset (2017), China was able to reach the 
maximum policy count value in the dataset (i.e., 66). 

For additional analyses, which aim to tease out more nuanced effects 
of different types of domestic policies, as well as policies with various 
targets, we construct additional measures of domestic policies. The 
source of information is the same IEA database as for the aggregate 
count measure. First, we identify distinct types of policies and count the 

number of individual policies within each type. The IEA database col-
lects information on the following six policy types: economic in-
struments (such as feed-in tariffs, tax relief, grants, subsidies, or loans); 
information and education; policy support (mainly institutional devel-
opment and strategic planning); regulatory instruments (such as codes 
and standards); R&D and deployment (such as funding for research and 
demonstration projects); and voluntary approaches. Second, policies can 
vary by the type of energy generation that they seek to promote. 
Therefore, we use the IEA database to construct policy count measures 
for the following policy targets: solar, wind, hydropower, bioenergy, 
geothermal, ocean, and multiple energy sources. Bioenergy projects, for 
instance, can facilitate transition away from solid fuels to biogas, which 
can lead to improvements in indoor air quality (Semple et al. 2014; 
Abadi et al. 2017). In our dataset, the use of economic instruments is the 
most common policy type (with the mean value of 1.5), while voluntary 
approaches constitute the least common type (the mean of 0.09). Among 
policy targets, the most popular policies target multiple clean energy 
sources (the mean of 1.95), while policies targeting ocean-generated 
energy are the least common (the mean of 0.11). 

3.2.2. International policy (count) 
Our data source for this measure is the project-level database 

compiled by AidData.org. We extract information for all aid recipients, 
from all donors, for all years starting in 1990, with one restriction: 
included aid projects provide support for clean energy programs in 
recipient countries. The maximum number of such projects was recor-
ded in China in 2013, when the country secured loans, grants and other 
forms of international assistance (from bilateral and multilateral sour-
ces) for 134 renewable energy initiatives. 

3.3. Control variables 

3.3.1. GDPPC (logged) 
To account for the effect of economic development levels on cooking 

fuels, we include per capita GDP (in constant 2010 USD; logged). 
Countries in our dataset display a substantial amount of variation in 
their development levels. The richest country is Luxembourg, with GDP 
per capita of $111,968 (in 2007). On the other end of the spectrum, the 
least affluent country is Ethiopia in 1992, with per capita GDP of just 
$164. 

3.3.2. GDP growth 
In addition to the level of economic development, the pace of its 

change may influence households’ choice of solid fuels for cooking. 
Hence, we control for the country-level annual percentage growth rate 
of GDP. Equatorial Guinea displayed the maximum rate of growth in the 
dataset: 150 percent in 1997, following the 1995 oil discovery in the 
country. The most substantial economic contraction during the period 

 
(a)      (b)

Fig. 1. Temporal patterns of change in solid fuel dependence.  
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was recorded in Iraq: in 1991, the Iraqi economy shrunk by 64 percent as 
a result of a drop in oil prices and a slumping global economy. 

3.3.3. Total employment ratio 
This indicator is a share of employed population, aged 15 and older, 

based on the International Labor Organization estimates. Greater 
employment rates increase resources that households can allocate to-
wards more expensive cleaner cooking fuels. Alternatively, households 
with greater resources may choose to burn more fuel overall, including 
solid fuels. The minimum value of the total employment ratio in our 
dataset is 26.3 percent, corresponding to Samoa in 2016. The highest 
employment ratio was recorded in Rwanda in 1991: 89 percent. 

3.3.4. Rural population 
We control for the size of each country’s rural population, as a share 

of overall population, to account for urbanization and its potential effect 
on solid fuel dependence. Infrastructure development is often more 
difficult in sprawling rural areas, which can result in greater resilience of 
cooking practices that rely on solid fuels. While the population of the 
average country in our dataset is more urban than rural (the mean value 
of Rural population equals 44 percent), there is significant variation in 
urbanization patterns. Two countries have only urban population, cor-
responding to the minimum value of 0 for the Rural population variable 
in our dataset: Singapore and Kuwait. The maximum value of this var-
iable (95 percent) represents Rwanda in 1990. 

3.3.5. Population density (logged) 
An important constraint on governments’ ability to deliver cleaner 

fuels to individual households is the population density. Often, the most 
remote parts of a country are least likely to be connected to the national 
infrastructure providing access to gas and electricity. This, in turn, may 
force the population of these remote areas to rely on solid fuels to satisfy 
their household energy needs. Our population density measure, which 
captures the number of people per square kilometer of a country’s land 
area (logged), gauges the severity of this constraint. The country with 
the lowest population density in our dataset is Mongolia: in 1990, it 
recorded just 1.4 residents per square kilometer of its territory. On the 
other end of the population density spectrum is Singapore: 7,916 people 
reside on each square kilometer of its land area, which represents the 
maximum value in the dataset. 

3.3.6. Forest area 
Easy availability of wood can incentivize households’ greater reli-

ance on solid cooking fuels, such as firewood and charcoal. To gauge 
how abundant forestry resources are in a given country, we rely on the 
indicator of forest area as a ratio of overall territorial size. Suriname is 
the most forest-rich country in our dataset, with forest coverage of over 
98 percent of its territory (the maximum is 99 percent in 1990). The 
lowest value of this variable corresponds to Qatar: throughout the entire 
period under study, its forest cover is zero percent. 

3.3.7. Electricity access 
Households without electricity access may have little choice but to 

use solid cooking fuels. Therefore, expanded electricity delivery infra-
structure should be positively correlated with reduced solid fuel 
dependence. Our models control for this potential effect by including the 
share of population with electricity access as an independent variable. A 
large number of countries located in different parts of the world have 
provided electricity access to 100 percent of their populations, including 
North America (e.g., the U.S. and Canada), Europe (e.g., Germany and 
France), Asia (e.g., Japan and South Korea), and the Middle East (e.g., 
Qatar and the UAE). The country with the most limited electricity access 
is Rwanda: in 1993 and 1994, it could only provide electricity to 0.01 
percent of its population (the minimum value in our dataset). 

3.4. Model specifications 

Given that our dependent variable is the proportion of a country’s 
population dependent on solid fuels in a given year, we specify and 
estimate linear models. These models include fixed effects to control for 
time-invariant unobserved country characteristics that can display cor-
relation with the observed regressors. In addition, our specifications 
incorporate the lagged dependent variable and cubic polynomial 
approximation (i.e., Time, Time squared, and Time cubed). First, we 
include the lagged dependent variable as a regressor because we are 
interested in modeling changes in solid fuel dependence levels. More-
over, we expect that the current level of solid fuel use should depend 
significantly on the past level because adjustments to new energy 
sources cannot happen very quickly. Second, we use cubic polynomial 
approximation to control for temporal dependence. We follow the 
approach discussed in Carter and Signorino (2010): cubic polynomial 
approximation is an easier and more efficient way to model time 
dependence compared with alternatives such as time dummies, splines, 
or auto-smoothing procedures. Finally, we use logged values for highly 
skewed variables such as Population density and GDPPC to improve 
linearity between these variables and solid fuel dependence. 

4. Empirical Results 

To investigate the association between renewable energy policies 
and household solid fuel dependence, we conduct several statistical 
analyses. These tests yield findings that are consistent with the expec-
tation that domestic and international policies can encourage transition 
from traditional energy sources to cleaner alternatives, such as solar 
energy or biofuels. Table 1 reports our main results, which are based on 
estimates from four fixed-effects linear models. We also show results 
from disaggregated models that include individual policy types and 
specific targets of domestic renewable energy policies in Tables 2 and 3, 
respectively. Overall, our empirical evidence suggests that a country’s 
level of household consumption of solid cooking fuels declines as the 
number of renewable energy policies implemented in the country in-
creases. Both domestic and international policies have a negative and 
statistically significant association with solid fuel dependence. This 
suggests that countries’ efforts to reduce household use of polluting fuels 
can benefit from a broad range of renewable energy projects. 

As Models 1, 3, and 4 in Table 1 show, the number of domestic 
policies, Domestic policy (count), implemented in a given country is 
significantly and negatively associated with the dependent variable. In 
other words, when a government adopts more renewable energy pol-
icies, the share of the country’s population using solid cooking fuels 
decreases. When we include one- and two-year lags of the domestic 
policy variable in Model 4 to investigate more lasting effects of such 
policies, coefficients on these regressors fail to reach statistical signifi-
cance at conventional levels. We also find that the use of solid fuel in a 
given country declines as the number of international programs imple-
mented in the country increases (Models 2, 3, and 4 of Table 1). This 
implies that international support for renewable energy adoption may 
expand clean energy options for households. When our model specifi-
cation includes one- and two-year lags of international-level policies 
(Model 4), the two-year lagged regressor, International policy (count; 2Y 
lagged), is significantly and negatively associated with the use of solid 
fuels. This implies that effects of international projects on energy tran-
sition may endure beyond their implementation year. In sum, our results 
indicate that policies initiated at the national and international levels to 
promote renewable energy may contribute to households’ transition to 
cleaner cooking fuels. 

Table 1 also shows that several control variables have statistically 
significant relationships with household solid fuel consumption. The 
share of a country’s population that uses solid fuels tends to decrease 
when the country’s economic performance – measured as GDP per 
capita and the rate of economic growth – improves. In addition, solid 
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fuel dependence declines when a country’s population density and 
electricity access increase. In contrast, urbanization rates – measured as 
the share of rural population – do not have a statistically significant 
association with solid fuel consumption, while an increase in forest area 
in a country has a positive, statistically significant relationship with 
solid fuel dependence. Finally, patterns of solid fuel use demonstrate 
substantial path dependence: the coefficient on Lagged solid fuel use is 
positive and statistically significant across all specifications. 

We conducted robustness checks by adding a measure of renewable 
energy investment divided by GDP as a control in all models in Table 1. 
Our main results remain unaffected, while the coefficient on the in-
vestment variable is negative but not statistically significant. The ap-
pendix provides a table showing results of these robustness checks. 

Next, we use the estimates from Model 3 of Table 1 to calculate 
predicted solid fuel dependence in two countries. We select two coun-
tries in Africa, and look at their predicted values of solid fuel use in 
2017. One country is Algeria (a low dependence case) and the other is 
Niger (a high dependence case). The countries share a border, which 
means that they have some common geographical/regional character-
istics; at the same time, they are on the opposite ends of the solid fuel 
dependence spectrum. Predicted values can help us to assess the pre-
dictive power of our statistical models. First, we set all explanatory 
variables that reach statistical significance in Model 3 to values for the 
Algeria-2017 observation. The predicted level of solid fuel use for this 
country-year observation equals 0.75, and the 95% confidence interval 

is (0.26; 1.23). The observed value of Algeria’s solid fuel use in 2017 is 
0.32, which is well within the confidence interval. Second, we re-set all 
values of explanatory variables to those of Niger in 2017. Niger’s pre-
dicted level of solid fuel use is 98.63, while the 95% confidence interval 
is (97.91; 99.34). The observed value of Niger’s solid fuel dependence in 
2017 equals 98, which falls within the confidence interval. These illus-
trations suggest that our statistical analysis relies on a model that gen-
erates fairly accurate predictions of observed levels of solid fuel 
dependence. 

Statistical tests summarized in Table 2 rely on disaggregated data on 
types of domestic renewable energy policies to examine their relation-
ship with household solid fuel use. While International policy (count) 
remains unchanged in these models, Domestic policy (count) is now 
replaced with variables that focus on individual policy types: i.e., Eco-
nomic instruments, Information and education, Policy support, Regulatory 
instruments, R&D and deployment, and Voluntary approaches. Table 2 re-
ports estimates from fixed-effects linear models. Among six national- 
level policy types, Economic instruments, Voluntary approaches, and Reg-
ulatory instruments have a statistically significant (at 0.05 for the first two 
policy types, and at 0.1 for Regulatory instruments), negative association 
with solid fuel dependence. 

Interpretation of the coefficients is straightforward because we es-
timate linear models. For example, for every additional voluntary pro-
gram launched in a country, the proportion of households that rely on 
solid fuels decreases, on average, by 0.05% per year. This implies that 

Table 1 
Renewable energy policies and solid fuel use.   

(1) (2) (3) (4)  
Domestic policy International policy Domestic & International Domestic & International (with lags) 

Domestic policy (count) − 0.0085***  − 0.0084*** − 0.0217**  
(0.0023)  (0.0023) (0.0093) 

Domestic policy (count; 1Y lagged)    0.0127     
(0.0140) 

Domestic policy (count; 2Y lagged)    0.0040     
(0.0102) 

International policy (count)  − 0.0047*** − 0.0046*** − 0.0042***   
(0.0016) (0.0016) (0.0016) 

International policy (count; 1Y lagged)    − 0.0017     
(0.0016) 

International policy (count; 2Y lagged)    − 0.0061***     
(0.0017) 

GDPPC (logged) − 0.4575*** − 0.4482*** − 0.4509*** − 0.4239***  
(0.0522) (0.0516) (0.0522) (0.0526) 

GDP growth − 0.0040*** − 0.0036*** − 0.0040*** − 0.0040***  
(0.0013) (0.0013) (0.0013) (0.0013) 

Total employment ratio 0.0141*** 0.0149*** 0.0138*** 0.0131***  
(0.0028) (0.0028) (0.0028) (0.0028) 

Rural population 0.0020 0.0035 0.0017 0.0012  
(0.0035) (0.0034) (0.0035) (0.0035) 

Population density (logged) − 0.2119** − 0.1882** − 0.2042** − 0.1672**  
(0.0848) (0.0833) (0.0848) (0.0852) 

Forest area 0.0110*** 0.0100*** 0.0109*** 0.0109***  
(0.0037) (0.0037) (0.0037) (0.0037) 

Electricity access − 0.0080*** − 0.0072*** − 0.0079*** − 0.0076***  
(0.0013) (0.0013) (0.0013) (0.0013) 

Lagged solid fuel use 0.9779*** 0.9787*** 0.9778*** 0.9771***  
(0.0019) (0.0018) (0.1883) (0.1893) 

Time 0.0679*** 0.0606*** 0.0621*** 0.0535***  
(0.0152) (0.0153) (0.0153) (0.0155) 

Time squared − 0.0020* − 0.0016 − 0.0015 − 0.0009  
(0.0010) (0.0010) (0.0010) (0.0011) 

Time cubed 0.0000 0.0000 0.0000 − 0.0000  
(0.0000) (0.0000) (0.0000) (0.0000) 

Constant 3.8532*** 3.5369*** 3.8216*** 3.5647***  
(0.6743) (0.6700) (0.6737) (0.6757)  

N 3,710 3,736 3,710 3,709 
R2: overall 0.9994 0.9995 0.9995 0.9995 
R2: within 0.9940 0.9942 0.9940 0.9940 
R2: between 0.9996 0.9996 0.9996 0.9996 
Log-likelihood − 1698.8077 − 1712.2700 − 1694.4513 − 1684.6379 

Fixed-effects linear models. Standard errors in parentheses. Control variables lagged by one year. * p < 0.1, ** p < 0.05, *** p < 0.01. 
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governments’ economic and regulatory policies, as well as voluntary 
programs, such as the Tunisian Solar Plan, which was based on part-
nership between the public and private sectors, can contribute to energy 
transition at the household level, thereby reducing the proportion of 
population that uses solid cooking fuels. We also find that voluntary 
approaches are the most effective policy instrument compared to the 
other two policies that have statistically significant effects on solid fuel 
use. For example, one unit increase in voluntary programs is estimated 
to reduce solid fuel dependence 7–8 times more than adoption of 
additional economic and regulatory instruments. However, remaining 
policy type variables, i.e., Information and education, Policy support, and 
R&D and deployment, fail to yield statistically significant results. At the 
same time, the coefficient on International policy (count) remains 
consistently negative and statistically significant across all models in 
Table 2. Results for control variables remain essentially unchanged in all 
model specifications. 

The third set of results, shown in Table 3, examines variation in 
domestic policy targeting and associated changes in household solid fuel 
use. Given that clean energy generation can depend on different energy 
sources, i.e., Solar, Wind, Hydropower, Bioenergy, Geothermal, Ocean, as 
well as a combination of sources, some policy targets may offer more 
sizeable benefits for the process of household transition from solid fuels 
to cleaner alternatives. As in Tables 1 and 2, we report estimates based 

on fixed-effects linear models. Our specifications with individual policy 
targets yield negative and statistically significant results in the wind and 
bioenergy models (the coefficients on the Wind and Bioenergy variables 
are significant at 0.05), and in the geothermal model (the coefficient on 
the Geothermal variable is significant at 0.1). For example, a national 
policy targeting energy sources such as wind and geothermal would 
reduce the proportion of households dependent on solid cooking fuels by 
0.01–0.02% per year. These findings show that, when a growing number 
of domestic policies focus on wind, bioenergy, and geothermal sectors, 
household consumption of solid fuels declines. Our result for interna-
tional policies remains unaffected, as we replace the aggregate domestic 
policy variable with individual policy target measures: international 
support for renewable energy is associated with reduced solid fuel use, 
and the relationship remains significant at the 0.05 level. Finally, con-
trol variables yield results that are largely similar to those reported in 
Table 1. 

5. Conclusions 

In this article we show that, regardless of their domestic or inter-
national origins, renewable energy policies matter as drivers of house-
holds’ switch from more polluting and harmful solid fuels to cleaner 
cooking options. The number of implemented domestic policies is 

Table 2 
Types of domestic renewable energy policies and solid fuel use.   

(1) (2) (3) (4) (5) (6)  
Economic instruments Information & education Policy support Regulatory instruments R&D & deployment Voluntary approaches 

International policy (count) − 0.005** − 0.005** − 0.005** − 0.005** − 0.005** − 0.005**  
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) 

Economic instruments − 0.007***       
(0.003)      

Information & education  0.005       
(0.004)     

Policy support   0.001       
(0.005)    

Regulatory instruments    − 0.008*       
(0.005)   

R&D & deployment     − 0.003       
(0.003)  

Voluntary approaches      − 0.050***       
(0.011) 

GDPPC (logged) − 0.467*** − 0.469*** − 0.469*** − 0.469*** − 0.472*** − 0.480***  
(0.065) (0.065) (0.065) (0.065) (0.065) (0.065) 

GDP growth − 0.004*** − 0.004*** − 0.004*** − 0.004*** − 0.004*** − 0.004***  
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001) 

Total employment ratio 0.015*** 0.014*** 0.014*** 0.014*** 0.014*** 0.014***  
(0.003) (0.003) (0.003) (0.003) (0.003) (0.003) 

Rural population 0.003 0.004 0.004 0.004 0.004 0.003  
(0.004) (0.004) (0.004) (0.004) (0.004) (0.004) 

Population density (logged) − 0.198** − 0.155** − 0.153* − 0.180** − 0.163** − 0.170**  
(0.078) (0.076) (0.080) (0.079) (0.077) (0.076) 

Forest area 0.010** 0.011** 0.011** 0.011** 0.011** 0.011**  
(0.005) (0.005) (0.005) (0.005) (0.005) (0.005) 

Electricity access − 0.007*** − 0.007*** − 0.007*** − 0.007*** − 0.007*** − 0.007***  
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) 

Lagged solid fuel use 0.9781*** 0.9773*** 0.9774*** 0.9778*** 0.9776*** 0.9779***  
(0.318) (0.322) (0.318) (0.317) (0.322) (0.322) 

Time 0.062*** 0.061*** 0.062*** 0.062*** 0.062*** 0.063***  
(0.014) (0.014) (0.014) (0.014) (0.014) (0.014) 

Time squared − 0.002 − 0.002* − 0.002* − 0.002 − 0.002 − 0.002*  
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001) 

Time cubed 0.000 0.000 0.000 0.000 0.000 0.000  
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) 

Constant 4.730*** 4.397*** 4.487*** 4.578*** 4.617*** 4.839***  
(0.813) (0.799) (0.821) (0.809) (0.816) (0.808)  

N 3,710 3,710 3,710 3,710 3,710 3,710 
R2: overall 0.9995 0.9995 0.9995 0.9995 0.9995 0.9995 
R2: within 0.9940 0.9940 0.9940 0.9940 0.9940 0.9940 
R2: between 0.9996 0.9996 0.9996 0.9996 0.9996 0.9996 
Log− likelihood − 1697.592 − 1700.924 − 1701.070 − 1699.488 − 1700.906 − 1697.937 

Fixed-effects linear models. Standard errors in parentheses. Control variables lagged by one year. * p < 0.1, ** p < 0.05, *** p < 0.01. 
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associated with a reduced share of population using solid fuels. Inter-
national efforts have a similar impact: as the number of international 
clean energy programs increases, solid fuel dependence tends to decline. 
Moreover, these international projects have more enduring effects as a 
driver of transition to cleaner energy, compared to domestic policies. We 
also disaggregate types of national-level renewable energy policies to 
evaluate which policy instruments are associated with the beneficial 
effects identified at the aggregate level. Our results identify economic 
instruments, voluntary approaches, and regulatory instruments as sta-
tistically significant determinants of the fuel transition process, while 
the remaining three policy instruments (i.e., information and education 
policies, policy support, and R&D and deployment measures) did not 
appear to have any effect on household fuel transition. Finally, we 
disaggregate policy targets to capture governments’ efforts to promote 
various sources of renewable energy. Findings from policy target models 
suggest that households’ solid fuel dependence decreases when national 
policies focus on wind, bioenergy, and geothermal sectors, while other 
sectors (i.e., solar, hydropower, and ocean) may not have a similar 
effect. 

Our results have important policy implications. Countries’ efforts to 
reduce households’ dependence on solid cooking fuels can be expanded 

and strengthened through linkages to national and international 
renewable energy programs. The reach and effectiveness of programs 
that focus only on promotion of cleaner cooking fuels and technologies 
tend to be low due to limited resources available for such programs (see, 
for instance, Thakur, van Schayck, and Boudewijns, 2019). Instead, a 
broader approach to clean energy transition that incorporates the goal of 
expanded use of cleaner cooking fuels may offer a more promising so-
lution for this urgent environmental health issue. Renewable energy 
policies can encourage greater investment from both public and private 
sources, thereby making transition to cleaner fuels more affordable for 
households. It is important for governments and international devel-
opment agencies to focus their programs on the most promising policy 
targets and choose policy instruments that are associated with clean fuel 
adoption at the household level. For instance, national governments 
may be able to accelerate clean fuel transition by adopting a combina-
tion of policies that offer economic incentives for clean energy use and 
specify regulations and rules to disincentivize the use of solid fuels, 
while also encouraging voluntary private and/or public programs that 
make clean fuels more accessible and acceptable for the general public. 

Table 3 
Targets of domestic renewable energy policies and solid fuel use.   

(1) (2) (3) (4) (5) (6) (7)  
Solar Multiple Wind Hydro Bio Geo Ocean 

International policy (count) − 0.005** − 0.005** − 0.005** − 0.005** − 0.005** − 0.005** − 0.005**  
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002) 

Solar − 0.002        
(0.006)       

Multiple resources  0.001        
(0.002)      

Wind   − 0.012**        
(0.006)     

Hydropower    − 0.012        
(0.014)    

Bioenergy     − 0.008**        
(0.004)   

Geothermal      − 0.016*        
(0.009)  

Ocean       0.006        
(0.004) 

GDPPC (logged) − 0.468*** − 0.469*** − 0.470*** − 0.464*** − 0.470*** − 0.471*** − 0.468***  
(0.065) (0.065) (0.065) (0.063) (0.065) (0.065) (0.065) 

GDP growth − 0.004*** − 0.004*** − 0.004*** − 0.004*** − 0.004*** − 0.004*** − 0.004***  
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) 

Total employment ratio 0.014*** 0.014*** 0.014*** 0.014*** 0.014*** 0.014*** 0.014***  
(0.003) (0.003) (0.003) (0.003) (0.003) (0.003) (0.003) 

Rural population 0.004 0.004 0.004 0.004 0.004 0.003 0.004  
(0.004) (0.004) (0.004) (0.004) (0.004) (0.004) (0.004) 

Population density (logged) − 0.159** − 0.150* − 0.176** − 0.162** − 0.186** − 0.175** − 0.154**  
(0.076) (0.080) (0.077) (0.077) (0.079) (0.078) (0.076) 

Forest area 0.011** 0.011** 0.011** 0.011** 0.010** 0.011** 0.011**  
(0.005) (0.005) (0.005) (0.005) (0.005) (0.005) (0.005) 

Electricity access − 0.007*** − 0.007*** − 0.007*** − 0.007*** − 0.007*** − 0.007*** − 0.007***  
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002) 

Lagged solid fuel use 0.9776*** 0.9773*** 0.9779*** 0.9777*** 0.9779*** 0.9779*** 0.9774***  
(0.323) (0.320) (0.323) (0.316) (0.320) (0.321) (0.321) 

Time 0.062*** 0.062*** 0.062*** 0.062*** 0.061*** 0.062*** 0.062***  
(0.014) (0.014) (0.014) (0.014) (0.014) (0.014) (0.014) 

Time squared − 0.002* − 0.002* − 0.002 − 0.002* − 0.001 − 0.002 − 0.002*  
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) 

Time cubed 0.000 0.000 0.000 0.000 0.000 0.000 0.000  
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) 

Constant 4.509*** 4.459*** 4.609*** 4.468*** 4.688*** 4.629*** 4.474***  
(0.803) (0.828) (0.805) (0.790) (0.814) (0.815) (0.804)  

N 3,710 3,710 3,710 3,710 3,710 3,710 3,710 
R2: overall 0.9995 0.9995 0.9995 0.9995 0.9995 0.9995 0.9995 
R2: within 0.9940 0.9940 0.9940 0.9940 0.9940 0.9940 0.9940 
R2: between 0.9996 0.9996 0.9996 0.9996 0.9996 0.9996 0.9996 
Log− likelihood − 1701.029 − 1701.053 − 1700.046 − 1700.725 − 1699.512 − 1700.223 − 1700.971 

Fixed-effects linear models. Standard errors in parentheses. Control variables lagged by one year. * p < 0.1, ** p < 0.05, *** p < 0.01. 
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