ENVIRONMENTAL RESEARCH INCLUSIVE PUBLISHING
COMMUNICATIONS TRUSTED SCIENCE

PAPER « OPEN ACCESS You may also like
. . . - The expired period of Liquefied Petroleum
Jointly modeling the adoption and use of clean Gas Lpedrufbbef’hofstsu porte
. . . consumer safety aspects
cooking fuels in rural India A B Mulyono and € H Punwanto

- LPG as a Fuel for Diesel Engines-
Experimental Investigations
Nikolaos Cristian Nutu, Constantin Pana,
Niculae Negurescu et al.

To cite this article: Carlos F Gould et al 2020 Environ. Res. Commun. 2 085004

- Study of Vapour Cloud Explosion Impact
from Pressure Changes in the Liguefied
. . . Petroleum Gas Sphere Tank Storage
View the article online for updates and enhancements. Leakage
Z A Rashid, A F Mohd Suhaimi Yeong, A
B Alias et al.

This content was downloaded from IP address 18.191.102.112 on 06/05/2024 at 09:10


https://doi.org/10.1088/2515-7620/abaca9
https://iopscience.iop.org/article/10.1088/1757-899X/1072/1/012016
https://iopscience.iop.org/article/10.1088/1757-899X/1072/1/012016
https://iopscience.iop.org/article/10.1088/1757-899X/1072/1/012016
https://iopscience.iop.org/article/10.1088/1757-899X/252/1/012079
https://iopscience.iop.org/article/10.1088/1757-899X/252/1/012079
https://iopscience.iop.org/article/10.1088/1757-899X/358/1/012073
https://iopscience.iop.org/article/10.1088/1757-899X/358/1/012073
https://iopscience.iop.org/article/10.1088/1757-899X/358/1/012073
https://iopscience.iop.org/article/10.1088/1757-899X/358/1/012073

10P Publishing

® CrossMark

OPENACCESS

RECEIVED
14 May 2020

REVISED
22 July 2020

ACCEPTED FOR PUBLICATION
5 August 2020

PUBLISHED
24 August 2020

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

Any further distribution of
this work must maintain
attribution to the
author(s) and the title of
the work, journal citation
and DOL

Environ. Res. Commun. 2 (2020) 085004 https://doi.org/10.1088/2515-7620/abaca9

Environmental Research Communications

PAPER

Jointly modeling the adoption and use of clean cooking fuels in rural
India

Carlos F Gould"* @, Xiaoxue Hou™*, Jennifer Richmond’®, Anjali Sharma’ and Johannes Urpelainen™”

! Columbia University Mailman School of Public Health, New York, New York, United States of America
2 Johns Hopkins School of Advanced International Studies, Washington, DC, United States of America

* University of Maryland, College Park, Maryland, United States of America

* Indicates that these authors are co-firstauthors.

> Address: Rome Building, 4th Floor. 1619 Massachusetts Avenue, NW. Washington, DC 20036, USA.

E-mail: JohannesU@jhu.edu

Keywords: clean cooking, energy access, survey research, energy policy, PMUY

Supplementary material for this article is available online

Abstract

Solid fuel combustion is a major cause of household air pollution, a leading environmental health risk
factor globally. In India, over 750 million people continue to rely on firewood and other solid fuels for
daily cooking. We explore the drivers of adoption and use of liquefied petroleum gas (LPG), India’s
dominant clean cooking fuel. We document strides in LPG ownership using a panel dataset of over
8,500 rural households from six Indian states surveyed in 2015 and 2018 (ACCESS), partially due to
India’s flagship clean cooking policy Pradhan Mantri Ujjwala Yojana (PMUY). We further
demonstrate that the drivers of initial LPG adoption also apply to use. While fuel stacking—using
solid fuels and LPG jointly—is pervasive, improved rural incomes and education result in the
increased use of clean cooking fuels. After adoption, general LPG customers are predicted to consume
on average 93 kilograms of LPG yearly (95% confidence interval (CI): 91-95 kg/year). However,
PMUY beneficiaries are predicted to consume 27 kilograms of LPG (95% CI: 24-30 kg/year) less on
average than general customers each year, even after controlling for socio-economic differences and
years of using LPG. Our findings suggest that additional strategies to accelerate the transition to
exclusive LPG use among the 80 million households acquiring LPG through PMUY should aim to
improve affordability and increase awareness to realize the full benefits of the Government of India’s
investments in cleaner cooking.

Widespread solid fuel combustion to meet daily household cooking and heating needs has profound global
impacts on health [1], climate [2], and the environment [3]. Roughly 2.8 billion people worldwide rely on
inefficiently burning solid fuels like wood, dung, charcoal, or agricultural residues to meet their daily household
energy needs [4], resulting in high levels of household air pollution (HAP). Clean cooking is an essential part of
Sustainable Development Goal (SDG) 7: ensuring access to affordable, reliable, sustainable, and modern energy
for all (SDG 7.1.2 specifically identifies increasing clean fuel use) [5]. Furthermore, expanding clean cooking is a
promising strategy for achieving other SDGs [6-8], such as reducing the under-5 mortality rate (SDG 3.2.1),
reducing mortality associated with household and ambient air pollution (SDG 3.9.1), empowering women and
girls (SDG 5), combating climate change (SDG 13), and sustainably managing forests and halting land
degradation (SDG 15). Previous analyses show that India, where about 750 million people rely on solid fuels each
day [9], will particularly benefit from the expansion of clean cooking fuels to address equity, health, and climate
challenges [7, 8, 10, 11]. Yet, the adoption and sustained use of clean cooking fuels remains limited across India
and much of the world’s resource-poor rural communities.

India is in the midst of a nationwide transition to cleaner cooking with liquefied petroleum gas (LPG). More
than 75 million Indian households have acquired an LPG stove since 2015 [12]. While LPG is a popular cooking
fuel in rural India [13], lessons from around the world show that households adopting a clean cooking fuel
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commonly continue to use their traditional stoves and fuels—a practice termed fuel stacking—rather than fully
replace their previous cooking practices [14]. Partial transitions to clean cooking are unlikely to lower air
pollution levels enough to significantly reduce health risk [15]. Still, non-health co-benefits are likely to be
obtained as clean cooking fuels displace solid fuels in households [16]. Therefore, understanding the
determinants of clean cooking fuel adoption and use can inform measures that can accelerate the transition
toward near-exclusive clean fuel use so Indian households can reap the full rewards of clean cooking.

Previous studies and reviews have pointed to the roles of individual (perceptions, preferences, behavior),
household (demographics, socio-economic status), local environmental (climate), and contextual (fuel prices
and availability, policies, cultural practices) characteristics in determining the adoption and use of clean
cooking fuels [17-22]. Historically, study of cooking fuel choice has rarely featured longitudinal data and has had
limited capacity to capture within-household transitions. Panel designs enable the study of both the transition
from exclusive solid fuel use to clean fuel adoption and the transition from limited to near-exclusive clean
fuel use.

Our work builds on a few recent studies. A study leveraging a cohort from three provinces in China with data
collected from 1995 to 2016 showed that the determinants of clean fuel adoption and the determinants of the
suspension of solid fuel use differ to some extent [23]. Higher household incomes, younger household heads,
and smaller household sizes were associated with clean fuel adoption, whereas younger age and being widowed
were associated with solid fuel cessation. Younger age, greater education, and poor self-reported health status
were associated with earlier solid fuel cessation. Recent studies in Tanzania [24] and Ethiopia [25] used three
rounds of panel survey data to assess the socio-economic determinants of fuel stacking behavior, finding that
household expenditures, education, and fuel prices are associated with fuel choice. However, while both studies
included multiple survey waves they did not model within-household fuel switching. These studies emphasize
the need to model both the adoption of clean cooking fuels and use after adoption alongside the cessation of
solid fuel use to identify policies that benefit health, the economy, and the environment.

In addition, a recently-published companion study to our own assessed the determinants of fuel stacking
among LPG-owning rural Indian households cross-sectionally in 2018 (N = 4,102 households) and then
modeled within-household shifts in primary and secondary cooking fuel use from 2015 to 2018 among
households that owned LPG in both years (N = 1,411 households) [26]. In this study, households acquiring
LPG through Pradhan Mantri Ujjwala Yojana (PMUY) had lower odds of using LPG as their exclusive or
primary cooking fuel as compared to general consumers. The number of years a household had LPG and
household wealth were associated with an increased role for LPG in the household. These are important findings
related to PMUY and we build on this study in three principal ways. First, whereas Mani et al [26] consider
primary and secondary fuel use categorically, we model LPG consumption in kilograms. As a result, we estimate
LPG consumption for all categorical covariates and flexible dose-response relationships for continuous
covariates. Second, we leverage the full panel of households (LPG-owning and non-owning in 2015 and 2018)
(N = 17,640 observations) to model fuel use in both waves rather than shifts in fuel stacking only among
households that owned LPG in both years. In doing so, we offer a direct assessment of the factors that influence
both adoption and the subsequent use of LPG. Finally, we discuss primary cooks’ self-reported satisfaction
related to LPG and reasons for satisfaction or dissatisfaction, dishes cooked with LPG, and access to LPG cylinder
refills as explanations for observed results on LPG consumption.

This study jointly addresses two principal questions: (1) What factors are linked to a household’s probability
of adopting LPG in rural India? and (2) What factors predict overall LPG use (in kilograms) if a household does
adopt LPG?

We use a comprehensive energy access survey administered in more than eight thousand rural households
across six energy-poor Indian states in 2014-2015 and then again in 2018. We find that the extent of LPG use has
increased substantially since 2015, but that the majority of households continue to use solid fuels for at least
some of their cooking. Still, exclusive clean cooking fuel use has increased from less than 5% to nearly 17% in
just three years. We leverage our panel data structure to jointly model LPG adoption and use in a two-stage
hurdle model. We find that the same determinants of LPG adoption—expenditures and education—also
explain LPG consumption. Still, we find that PMUY beneficiaries are predicted to consume about 30% less LPG
than general customers after accounting for baseline socio-economic and demographic differences across
households and the years of experience using LPG. In an exploratory analysis, we offer some preliminary
evidence that, overall, general customers have better access to LPG cylinder refills than PMUY beneficiaries,
primarily due to a relatively greater share LPG owners in remote villages being PMUY beneficiaries. These
findings provide insights for future energy policies that seek to facilitate widespread use of clean cooking fuels to
reduce the environmental impacts and public health burden of solid fuel use.




10P Publishing

Environ. Res. Commun. 2 (2020) 085004 CF Gouldetal

Transitions to clean cooking fuels in india

LPG has historically been too expensive or unreliably accessible for use in most rural households in India and
around the world [20, 27]. In response, the Government of India and the country’s largest Oil Marketing
Companies (OMCs) have implemented a series of state and national policies to increase clean cooking among
the country’s poorest households over the last ten years.

The ambitious Pradhan Mantri Ujjwala Yojana (PMUY) was launched in 2016 and had a goal of providing
LPG to 80 million below-poverty-line households by 2020 (increased from its original goal of 50 million) [28].
PMUY leads India’s national LPG program and has received substantial international attention. However, the
Government of India has been facilitating the use of LPG since the late 2000s by improving accessibility and
lowering costs. The Rajiv Gandhi Grameen LPG Vitrak scheme was launched in 2009 to increase LPG
distribution in remote areas by increasing LPG coverage and providing below-poverty-line families a one-time
grant for new LPG connections. In 2015, the Direct Benefit Transfer for LPG, or PAHAL, developed a system to
directly deposit the difference between the market and subsidized cost of cylinder refills into participants’ bank
accounts, facilitating a flexible and more efficient subsidy transfer system [29]. Rural LPG distribution was once
again enhanced by increasing the reliability of cylinder refill supply and implementing direct home refill
deliveries in 2016. That same year, the ‘Give it Up’ program enrolled more than 10 million LPG consumers to
voluntarily discontinue their subsidy and transfer it to below-poverty-line households [29].

Through PMUY, the Government of India provides assistance of 1,600 Indian Rupees (INR) (about 25 USD)
to establish each household LPG connection by subsidizing the LPG cylinder deposit and regulator and
installation charges. In India, an LPG connection refers to the ability to purchase LPG cylinder refills from the
national market. While the installation charges and cylinder deposit are subsidized through PMUY, households
must purchase a double-burner LPG stove (1,000 INR) and their first LPG cylinder (500 INR), with optional
loan assistance. Along with increasing the number of LPG consumers, PMUY has further expanded the coverage
of LPG distributors in rural India. The Government of India estimates that about 80 million new LPG
connections have been established since 2016 [30].

Despite great advances in LPG stove ownership across the nation (seen in Figure 1), relatively little is known
about the extent to which LPG is displacing the use of solid fuels for cooking. Data on new LPG connections—a
marker of the ability to use LPG stoves—are regularly updated; however, information detailing LPG cylinder
refills consumed by PMUY beneficiaries remain limited [31, 32]. Based on available aggregate data, an estimated
one-quarter of households purchase five or more cylinder refills yearly but approximately 20% do not return for
asingle refill in their first year of LPG ownership [12, 33, 34]. In total, among PMUY beneficiaries enrolled for
one year or more as of December 2018, an estimated half obtained three or fewer LPG cylinder refills in a year
[12]. In a study of one rural district in Karnataka using LPG refill sales data from 2017-2018, researchers found
that only 7% of PMUY beneficiaries purchased four or more cylinders in their first year with LPG, suggesting
that the vast majority use LPG as a secondary option [35]. Though general customers (non-PMUY) in this
district appear to use LPG more, only about one half appear to use LPG as their primary cooking fuel and and
even fewer exclusively [35].

Research design

We use the Access to Clean Cooking Energy and Electricity—Survey of States (ACCESS) with 17,640
observations over two waves collected in 2015 and 2018. Data were collected using household surveys in rural
villages across the six northern Indian states of Bihar, Jharkhand, Madhya Pradesh, Odisha, Uttar Pradesh, and
West Bengal. Retention was 86% between the first and second waves. Survey design and data collection are
described in greater detail in the Methods.

We apply a two-stage double-hurdle model to jointly assess a household’s choice to adopt LPG and how
much LPG is then used after adoption using the full data sample. The two-stage double-hurdle model has two
main benefits. First, the model enables an assessment of the differing influences of covariates on determining
LPG adoption and then use after adoption. Second, the two-stage double-hurdle model can include additional
covariates for the second (use) stage of the model that would otherwise be perfectly correlated with LPG
adoption, like status asa PMUY beneficiary and years of experience cooking with LPG. We present results from
the double-hurdle model as the average-adjusted predicted probability of LPG adoption and then the amount of
LPG consumed in kilograms (kg) each month. Average-adjusted predicted probabilities are those where all other
covariates are held at their averages.

We fully elaborate on covariate selection and the statistical approach in the Methods. Briefly, we select
covariates for the determinants of cooking fuel choice from the literature, capturing demographic, socio-
economic, and contextual dimensions of fuel choice. In our first of two main specifications, we include a
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parsimonious set of common household and individual characteristics collected in ACCESS, including monthly
household expenditures, the education of the household head, household caste, gender of the decision-maker,
status asa PMUY beneficiary (consumption stage only), and years of cooking with LPG (consumption stage
only). We use state fixed effects to control for any residual confounding due to spatial heterogeneity—like
different levels of fuel accessibility—in this first specification.

Still, it is possible that there are important differences at the village level that may affect cooking fuel choice.
In particular, fuel accessibility can be an important determinant of household cooking fuel choices in rural India
in a few ways: frequency of availability, consistency of availability, and the distance required to travel to acquire
the fuel [21, 27]. Each of these aspects of accessibility can present a barrier to both LPG adoption and use after
adoption. For instance, if a fuel is difficult to acquire, then the motivation to adopt is weaker and, after adoption,
exclusive use may not be feasible. In addition, households may supplement LPG with another fuel—often a solid
fuel with lower access costs—if the availability of cylinder refills is inconsistent to protect against potential fuel
shortages [36]. To establish robustness of our main results to these additional factors, we specify a model where,
in addition to the original covariates, we include village-level covariates: village size and distance of that village to
the nearest town as proxies for the robustness of LPG cylinder supply, the average one-way distance traveled by
LPG owners in the village to acquire cylinder refills, and surrounding forest cover as a proxy for biomass
availability. We note that LPG fuel costs are largely homogeneous across the study sample due to state-run
pricing so we do not include the cost of an LPG cylinder refill.

Finally, we undertake two exploratory analyses. First, we analyze primary cooks’ self-reported satisfaction
with their household cooking situation, satisfaction with LPG, reasons for not being satisfied or not satisfied with
LPG, and items cooked with LPG. Second, we characterize the accessibility of LPG cylinder refills in terms of
proportion of households reporting to receive refills delivered to their doorstep and, among those without
doorstep delivery, the self-reported one-way distance required to receive refilled cylinders.

Results

LPG adoption and use increased in the study sample between 2015 and 2018. The proportion of households
without LPG fell from 75% (2015) to 45% (2018) (SI Appendix, figure Al available online at stacks.iop.org/
ERC/2/085004/mmedia). In 2018, 17% of study households used LPG exclusively, up from just 5% in 2015.
And yet, even in 2018, the majority of study households (83%) continued to rely on solid fuels (primarily
firewood) to meet at least some of their cooking needs. The increased penetration of LPG into study households
has coincided with increases in exclusive LPG use, but has also led to increased fuel stacking of LPG and solid
fuels (from 17% to 38% of study households reporting to use both fuels). In 2018, exclusive LPG users in the
study sample consumed on average 10.2 kg (standard deviation (sd): 3.9) as compared to 8.2 kg (sd: 4.1) and

4.2 kg (sd: 3.2) among primary LPG users that had a secondary solid fuel and primary solid fuel users with
secondary LPG use, respectively (figure 2).

Jointly modeling LPG adoption and use

We found similarity between the predictors of LPG adoption and use. Households with greater wealth, more
educated household heads, and those that belong to the general caste category had higher predicted probability
of adopting LPG and subsequently consuming more LPG per month than their peers (figures 3 and 4; SI
Appendix, table A5).

The average-adjusted predicted probability of LPG adoption when the household head had attained an
education more than 5th Standard was 47.9 percentage points (95% CI: 46.1-49.6 percentage points), a full 13.6-
21.6 percentage points higher than households where the household head had attained a primary level education
or no formal education (figure 3). After adoption, households with a household head attaining an education
more than 5th Standard were predicted to consume—holding all other covariates at their means including
household size—7.6 kg of LPG per month (95% CI: 7.4-7.8 kg) (figure 4). In comparison, households were
predicted to consume between 0.3 and 0.9 kg per month less when the household head had achieved a primary
education or had no formal education, respectively. Over the course of a full year, then, when the household
head had attained more than a 5th Standard education were predicted to consume between one-half to two-
thirds of alarge 14.2 kg cylinder of LPG more than their counterparts.

Trends were similar for caste. Households belonging to the general caste had an average-adjusted predicted
probability of owning LPG 7.2-15.1 percentage points higher than households belonging to the scheduled caste,
scheduled tribe (indigenous communities), or other backward class (an official term for other communities that
are recognized as historically disadvantaged). Then, a household in the general category was predicted to
consume about one-half to two-thirds of a large 14.2 kg cylinder of LPG more than their counterparts after
adoption.
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Figure 1. LPG use as a cooking fuel is increasing across rural India and in historically energy-poor study states. Blue lines highlight the
increases in LPG use as a cooking fuel in rural households in study states, while grey lines show the rest of states in India over the same
time period. We combined several freely-available sources to provide historical state-level estimates of LPG use in rural Indian
households: (i) the National Sample Survey provided estimates in 1992-1993, 1999-2000, 2004-2005, 2009-2010, and 2011-2012
(square); (ii) the India National Family Health Survey (NFHS) provided estimates in 2015-2016 (triangle); and (iii) ACCESS I and IT
provided study state estimates in 2015-2016 and 2017-2018 (circle). The proximity of this study’s own estimates to the NFHS in 2015-
2016 account for the slight kink in the plot.

Percent of Rural Households Cook

The relationships between increases in monthly expenditures and LPG adoption and use was highly non-
linear for expenditures below 10,000 INR per month (approximately 85% of households reported spending
fewer than 10,000 INR per month), increasing rapidly at low expenditures and leveling off at higher
expenditures. Each month, households at the 75th percentile (7,000 INR per month) of monthly expenditures
were predicted to consume about 0.6 kg of LPG more (about 7 kg per year more) than those at the 25th
percentile (3,000 INR per month). In addition, while larger households had alower predicted probability of
adopting LPG, once adopted, larger households were predicted to consume more LPG than smaller households.

Perhaps most notably, however, we found that PMUY beneficiaries consumed significantly less LPG after
adoption than their general customer counterparts. PMUY beneficiaries had an average-adjusted predicted
probability of consuming 5.5 kg of LPG per month (95% CI: 5.3-5.8 kg). In comparison, general customers were
predicted to consume 7.7 kg per month (95% CI: 7.6-7.9 kg). Accounting for all baseline differences—including
education, caste, monthly expenditures, household size, and years of owning LPG—PMUY beneficiaries were
predicted to consume 2.2 kg of LPG per month less than a household that acquired LPG independent of PMUY.
In terms of 14.2 kg cylinder refills, PMUY beneficiaries were predicted to consume 4.7 cylinders and general
customers 6.6 cylinders on average each year, controlling for baseline socio-economic and demographic
differences.




I0OP Publishing Environ. Res. Commun. 2 (2020) 085004 CF Gouldetal

Mean Difference: Mean Difference:
S 2.1kg (95% Cl: 1.8-2.4) 3.9 kg (95% Cl: 3.7-4.2)
2 .
c 28.01
el
o ]
g 14.0
>
2
o 5.071
O] |
ot 2.5 s
—
>\ L] L]
< 1.01
c
2 0.5 . ;
Exclusive LPG Primary: LPG Primary: Solid Fuel
Secondary: Solid Fuel Secondary: LPG
N = 1,505 N =1,543 N=1,912

Figure 2. Monthly LPG consumption in kilograms by fuel stacking category among LPG-owning households in 2018 (ACCESS wave
2). Boxplots show the median (notch) and interquartile range (upper and lower box ends) with whiskers extending to 1.96 times the
interquartile range, and outliers shown as points on a logarithmized y-axis. The diamonds represent group means: exclusive LPG:
10.2 kg; primary LPG and secondary solid fuel: 8.2 kg; and primary solid fuel with secondary LPG use: 4.2 kg. Unpaired mean
differences are estimated using the ‘dabestr’ package in R using 5,000 bootstrap resamples, with bias-corrected and accelerated (BCa)
95% confidence intervals [37].
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Figure 3. Average adjusted predictions of LPG adoption from the first stage of the two-stage double-hurdle model with 95%
confidence intervals. Average-adjusted predicted probabilities of LPG adoption are represented as percentage points between 0 and 1
and account for all covariates being held at their mean. Monthly expenditures are presented in thousands of Indian Rupees (INR).
Standard errors in the both model stages are clustered by village. Tick marks on the x-axis indicate all individual data points to show
the distribution of each variable. Refer to SI Appendix, table A5 for coefficients, standard errors, and p-values. All households in
ACCESS waves 1 and 2 with complete outcome and covariate data contribute to analysis.

We also found that households were predicted to consume more LPG the longer that they had their LPG
stove. After the first year of ownership, households were predicted to consume 6.8 kg of LPG per month
(95% CI: 6.7-7.0 kg). Holding all else constant, households with three more years of experience using LPG were
predicted to consume 5 kg per year more than one in its first year of LPG ownership.

We find that our results are robust to the inclusion of village-level covariates; the coefficients for the two-
stage double-hurdle model did not substantively change after the inclusion of village-level covariates (SI, table
A6 and figures A3). Furthermore, our results are robust to the removal of potential outlier observations of LPG
consumption (e.g., consumption too low for a self-reported exclusive user) (see Supporting Information for
details and results).
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Figure 4. Average adjusted predictions of monthly consumption—on condition of LPG adoption—in kilograms from the second
stage of the two-stage double-hurdle model with 95% confidence intervals. Monthly expenditures are presented in thousands of
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data points to show the distribution of each variable. Refer to ST Appendix, table A5 for coefficients, standard errors, and p-values. All
households in ACCESS waves 1 and 2 with complete outcome and covariate data contribute to analysis.

Self-reported perceptions and preferences and LPG use

Overall monthly LPG consumption was positively associated with primary cooks’ self-reported satisfaction with
the household’s LPG situation in both survey waves, and among general customers and PMUY beneficiaries

(SI Appendix, figure A4; table A9). PMUY beneficiaries and general customers reported reasons for being
satisfied with LPG at similar rates (e.g., cooking is free from smoke, LPG is convenient to use, saves cooking time,
good quality of cooking) (S Appendix, figure A5). In comparison to general customers, however, primary cooks
in PMUY households were somewhat less satisfied with their household LPG situation, largely driven by
differences in satisfaction among households consuming less than 5 kg LPG per month (less than 4-5 LPG
cylinder refills per year) where 48% of PMUY beneficiaries were satisfied as compared to 62% of general
customers.

While overall satisfaction differed, PMUY beneficiaries and general customers reported reasons for
dissatisfaction similarly. Nearly all PMUY households and general customers reported that LPG was too
expensive to consume (95%), with the distance required to collect LPG cylinder refills (70%) and LPG
availability (50%) being reported somewhat less frequently as reasons for dissatisfaction (figure A6).

LPG-owning households not using LPG as their primary cooking fuel in 2018 were asked why it was not their
primary option. High cylinder refill costs were again the most commonly cited explanation among both general
customers and PMUY beneficiaries (95%); the easy availability of free biomass (70%) and preference for cooking
certain items with the chulha (50%) were also commonly reported (SI Appendix, figure A7). LPG cylinder
availability (25%) and not liking the taste of food cooked on LPG (25%) were not commonly cited as reasons for
LPG not being the primary cooking option.

Our findings related to specific dishes cooked with LPG support those previously reported in a study of the
2014-2015 ACCESS data [13]. Households regularly using LPG cook all types of dishes with it, but households
with sparing LPG use choose dishes preferentially, opting to use the fuel for less energy intensive meals like
boiling water and preparing tea and snacks (SI Appendix, figure A8). In this respect, PMUY beneficiaries and
general customers reported using LPG similarly.
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Access to LPG cylinder refills: Improvements and remaining gaps

In2014-2015, 18% of households reported having LPG cylinder refills delivered to their doorstep and in 2018
this figure rose to 39%. Among households with LPG in both waves, 27% received LPG cylinder refills delivered
to their doorstep in 2018 that did not in 2014-2015 (SI Appendix, figure A9). Households not having LPG
cylinder refills delivered to their doorstep have to travel to receive refilled cylinders. Among this group of non-
doorstep-delivery households in 2014-2015 and 2018, the average one-way distance required to travel fell from
8.4 (SD: 6.4) km to 6.3 (5.7) km (95% CI for difference: 1.6-2.5 km) between survey waves (SI Appendix,

figure A10).

Still, in 2018, fewer PMUY beneficiaries than general customers had LPG cylinder refills delivered to their
doorstep (32% versus 42%). Among those that did not have deliveries, PMUY beneficiaries had to travel on
average 0.9 km farther (95% CI: 0.4-1.4 km) to receive refilled cylinders (7.3 km versus 6.5 km) (S Appendix,
figure A11). However, the differences in cylinder refill delivery and travel distance disappear when comparing
households living in the same village (SI Appendix, tables A10, A11). In addition, we observe that PMUY
beneficiaries comprise a larger proportion of LPG-owning households in more remote study villages where
relatively few study households reported to have LPG (SI Appendix, figures A12, A13).

Discussion

In this study, we have explored India’s nascent and ambitious transition away from solid fuels and toward LPG as
a clean cooking fuel. Indicative of the successes of the Government of India’s PMUY scheme in increasing access
to LPG, we note significant increases in the extent of LPG ownership across six north Indian states between
2014-2015 and 2018. Using two panels of data collected in rural households, we found that drivers of LPG
adoption and use were similar. Most importantly, both household expenditure (a proxy for income) and
education had large positive impacts on both adoption and use. While the traditional ‘energy ladder’ model [38]
fails to capture the logic of fuel stacking, our results show that in rural north India the transition from solid fuels
to LPG is nonetheless quasi-linear in nature. Variation in fuel consumption, then, is driven by the same factors
that explain variation in the adoption of clean cooking fuels in the first place.

One of the major challenges of the Government of India’s efforts—and other programs—to mitigate the
negative environmental, economic, and health burdens of solid fuel use has been encouraging clean fuel use after
adoption. Our results suggest that LPG is popular and the same factors that drive LPG adoption also encourage
use. While rural income and education are broad challenges that reach well beyond household energy, their
importance does highlight the importance of interventions aimed at improving clean fuel affordability and
increasing awareness of the benefits of their use. These findings support the need for clean cooking policies to be
complemented by broader initiatives to improve education and economic development. Furthermore, such
policies can be designed to facilitate the synergistic relationships between education, economy, and clean
cooking to holistically address multiple Sustainable Development Goals.

The Government of India’s PMUY scheme is a logical step forward to begin a national transition to cleaner
cooking. However, we found that PMUY beneficiaries in our sample consumed nearly two large cylinders of
LPG less than general customers each year, even after accounting for education, monthly expenditures, caste,
household size, gender of the decision-maker, age of the household head, and years with LPG. While we found
that households using LPG for longer do consume the fuel more, these increases were modest and would not be
expected to yield full displacement of solid fuel use even after five years. These findings contribute to growing
evidence that PMUY beneficiaries consume less LPG than general customers [12, 26, 33, 39, 40], and advance
previous studies by noting that the consumption gap persists after controlling for several socio-economic and
demographic covariates. However, there remains little published work directly evaluating differences in
consumption between PMUY beneficiaries and general customers.

We examined self-reported satisfaction with LPG and reasons for satisfaction or dissatisfaction among PMUY
beneficiaries and general customers. PMUY beneficiaries and general customers reported similar reasons for not being
satisfied with their LPG cooking situation, with the cost of LPG cylinder refills being by far the most reported asboth a
reason for dissatisfaction and also as a barrier to using LPG to meet more of their cooking needs. While the taste of food
is frequently mentioned as a potential explanation for continued firewood use, primary cooks in this study rarely
reported that not liking food cooked on LPG as a motivation for not using LPG for more of their cooking needs.

We observed that access to cylinder refills improved between 2014-2015 and 2018 for households owning
LPG in both survey waves. About one-quarter of such households reported getting refills delivered to their
doorstep in the second wave that did not in the first. Among those with no doorstep delivery in either year, the
one-way distance required to get a cylinder refill was reduced by about two kilometers. Still, there remains an
apparent gap in LPG cylinder refill access between PMUY beneficiaries and general customers. Fewer PMUY
beneficiaries have cylinders delivered to their doorstep than general customers and PMUY beneficiaries have to
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travel further to get refills when comparing among households without doorstep delivery. However, this gap in
the accessibility of LPG cylinder refills—both in terms of doorstep delivery and travel distance—largely
disappears when comparing PMUY beneficiaries and general customers within the same village. We find
support for the hypothesis that PMUY has increased LPG penetration into remote villages where there was
previously little to no LPG ownership. Given that poor access to LPG cylinder refills was commonly cited by
primary cooks as an explanation for not using LPG as their main cooking option, improving the accessibility of
LPG cylinder refills in villages recently receiving LPG connections via PMUY could encourage increased LPG
consumption.

We contribute to growing evidence that additional actions are needed to accelerate the transition toward
exclusive clean cooking fuel use. Recent studies have explored several strategies to encourage the use of clean
cooking fuels in rural India, including: lower fuel costs or free fuel [41], improved fuel accessibility [41, 42],
providing a second LPG cylinder to reduce gaps in fuel [41], and health messaging as a part of a package of a clean
cooking intervention accounting for other supply-side issues [41]. Taken together, these studies and a recent
review [43] show that efforts to address cost and liquidity constraints associated with regular clean fuel
consumption and supply-side issues associated with LPG cylinder refills can accelerate the displacement of solid
fuels by clean fuels for cooking.

To address refill cost considerations, the Government of India may additionally consider more targeted
subsidies to poorer households and PMUY beneficiaries that currently have low cylinder refill rates. Indeed, the
Government of India is actively considering subsidizing cheaper and smaller 5 kg LPG cylinders (the typical size
is 14.2 kg) to increase LPG consumption. Our findings related to the accessibility of LPG cylinders suggest that
increasing the number of local distributors to reduce distance to acquire a refill may yield greater LPG
consumption in remote rural areas. With respect to addressing awareness, future programs may include
education on the benefits of clean cooking and capacity training on the use and safe handling of LPG stoves and
cylinders to increase use.

This study has a few limitations and suggests future areas of research worth considering. To minimize recall
bias in our self-reported outcomes, we have conducted substantial survey piloting and ensured consistency in
administration of surveys across households. We expect that recall bias may be minimized due to the relative
regularity of LPG cylinder refill orders and that any additional bias will be non-differential across the study
population. Nonetheless, we find that our results are robust to the exclusion of potential outliers in LPG
consumption. Next, modeling solid fuel consumption is beyond the scope of our analysis. Future studies may
consider conducting regular and precise measurements of fuel consumption weights collected over long time
periods to enable modeling of the trade-off of increases in LPG consumption and corresponding reductions of
solid fuels. In addition, we opted for parsimonious models in our analyses due to computational demands but is
possible that there are omitted variables that may further explain household transitions (e.g., individual
preferences).

Furthermore, the focus of this study is largely on household- and individual-level determinants of LPG
adoption and use and our inclusion of village-level variables was primarily designed as a robustness check. Still,
given the potential importance of village-level characteristics as determinants of household-level fuel use
patterns observed elsewhere [23, 36, 44], direct evaluation of village- or even regional-level determinants of fuel
choice in rural India is warranted. Furthermore, we noted differences in the accessibility of LPG cylinder refills
among PMUY beneficiaries and general customers. Fully explaining these same differences is beyond the scope
of this study and future quantitative and qualitative studies are needed to further understand this accessibility
gap, and other differences in LPG consumption between PMUY beneficiary and general customers. Finally,
while a major strength of our study is its panel structure coinciding with important policy changes in rural India,
major energy transitions likely take decades to fully unfold as observed elsewhere [23, 45]. Therefore, we are
inherently unable to capture the full extent of rural India’s energy transition.

Conclusions

Our study confirms that the expansion of LPG into rural India owing to PMUY and other government programs
over thelast four years is worthy of praise. We surveyed 8,000 rural Indian households in 2014-2015, prior to
PMUY facilitating LPG connections in our study communities, and then again in 2018 after PMUY had
provided connections in the area. We expand on existing studies of clean cooking transitions by leveraging the
panel structure of our data to gain insights into the determinants of LPG adoption and the role of LPGin a
household after adoption. We further evaluate the factors that have contributed to the increased use of LPG
among study households, providing specific estimates of monthly LPG use in kilograms. Future efforts will need
to respond to local contexts, the multiple constraints of poor and rural households, and preferences for
household energy technologies—including non-cooking end uses like heating. Such integrated policies and
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programs may be needed to yield the full potential environmental, social, and health benefits of PMUY’s efforts
expanding clean cooking. Still, combinations of awareness campaigning and measures to enhance the
affordability and accessibility of clean cooking fuels can help hundreds of millions in rural India lead healthier
and more productive lives.

Methods

Two-wave representative survey of energy access in north India
We use the Access to Clean Cooking Energy and Electricity—Survey of States (ACCESS), a two-wave panel
dataset [46]. Briefly, the sampling frame included 714 villages across 51 districts within the north Indian states of
Bihar, Jharkhand, Madhya Pradesh, Odisha, Uttar Pradesh, and West Bengal. These north Indian states were
selected because they have historically been energy-poor; furthermore, they combine to account for 500 million
individuals or almost 40% of the country’s population. In 2015, sampling was done using a three-stage
probability-proportional-to-size (PPS) survey design. Previously, the ACCESS study team has shown that the
sampling design has yielded a representative sample as compared to the 2010 National Sample Survey [47].
Nonetheless, sampling weights are used throughout to account for variations in district household populations.
We describe the sampling design and survey implementation further in the Supplementary Information.

Ahousehold energy access and use survey was administered to 8,563 households in the first wave of the
survey collected between November 2014 and May 2015 and 9,072 households in the second wave collected
between April 2018 and September 2018. If the household head in a household surveyed in 2015 was
unavailable, enumerators interviewed any other willing adult in the household. If no adult was available or
willing to participate then the household was replaced with the fifth household walking to the right of the
original household. In total, the attrition rate between waves was 14% (SI Appendix, table A1) and was accounted
for with the aforementioned replacement sampling. In the second wave, additional households were sampled in
three new districts of Odisha to balance sample sizes across study states.

In total, the ACCESS dataset includes household energy data from 17,640 households across both waves.
While the general survey was directed to the household head or other willing adult, primary cooks were
interviewed and/or present for the cooking modules used in the present study.

Dependent variables

We use a two-stage double-hurdle model to simulate adoption and use. The first-stage outcome variable is LPG
ownership (0 = NoLPGand 1 = Owns LPG). The second-stage outcome variable is a continuous variable for
the amount of consumption of LPG among adopters or those who participate in the market. We specify LPG
consumption in kilograms per month, computed from self-reported LPG cylinder refills purchased in the past
year multiplied by 14.2 kg (the typical cylinder size in India) and divided by 12 months. SI Appendix figure A2
shows the distribution of LPG consumption among study participants in kilograms per year.

Independent and control variables

We identified covariates for inclusion in our models from previous studies of the determinants of clean cooking
fuel adoption and use, drawing in particular on several reviews [19, 21, 22]. Given the computational demands of
the two-stage double-hurdle model, we aimed to achieve a parsimonious model that adequately accounts for
potential omitted variable bias. Here, we briefly explain our choices for covariates. ST Appendix tables A2 and A3
summarize the distributions of independent variables in 2015 and in 2018, respectively.

Monthly expenditure is a common explanatory variable in studies of clean cooking adoption and use [19].
Broadly, monthly expenditures are applied in this context as estimates of household material well-being, a
common and effective practice in circumstances where measured incomes may be rare or unreliable [47, 48].
Increased wealth and well-being are positively associated with increased clean cooking fuel adoption and use
[22]. In addition, there have been several studies specifically linking expenditures to clean cooking fuel adoption
and use (including LPG) [49-52].

Household size may play a role in cooking fuel choice through different avenues. For instance, larger
households may demand more cooking in terms of frequency and quantity, therefore necessitating multiple
cookstoves, more cooking, or more efficient cooking depending on other priorities. In addition, households
with more adults are likely to have different levels of income and expenditure, which could directly affect LPG
adoption and use. However, household size has had different directions of association in empirical studies. Some
have shown that larger households are more likely to cook with solid fuels [53, 54], while others have shown that
larger households are more likely to use a clean cooking fuel [51, 55]. Elsewhere there has been no statistically
significant association [56]. Additionally, Heltberg (2004) [50] find that larger households are more likely to
stack multiple fuels, but household size does not necessarily explain the exclusive use of any fuel.
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Education of the head of household is emphasized in studies of the determinants of cleaner cooking [19] as well
as in the broader environmental health intervention literature [57]. Education may serve as an indicator of
awareness of clean cooking, knowledge of the burdens of traditional cooking practices, ability to obtain
alternative fuels, greater household wealth, greater opportunity cost for solid fuel collection, or a different
willingness to pay for alternative fuels. Previously, increased education has been associated with clean cooking
fuel adoption and use [58, 59] as well as reduced use of solid fuels [60]. In this study, we specify education of the
household head as a categorical variable: (1) no formal schooling (the baseline), (2) up to 5th standard, and (3)
greater than 5th standard.

Government-scheduled caste or tribe has been shown to be associated with lower overall socio-economic
outcomes in India due to long-standing marginalization and social exclusion [61]. Studies of cooking fuel choice
in India often included caste, finding a negative association with cleaner cooking [22, 49, 62, 63]. We specify
caste in four categories: (1) general category (the baseline), (2) scheduled caste, (3) scheduled tribe (indigenous
communities), or (4) other backward class (an official term for other historically disadvantaged groups).

Women’s participation in decision-making and gender, generally, is a debated aspect of household cooking
fuel choice. Given that women generally bear primary cooking responsibilities, their involvement in decision-
making may explain fuel choice based on specific cooking fuel preferences, such as lack of smoke, speed, ability
to cook more of food, ability to cook all types of food, and familiarity. A growing body of literature supports a
positive association between women-headed households and the use of clean cooking fuels [50, 63—65].
However, few directly model women’s involvement in decision-making [62]. In this study, participants were
asked, ‘Who in your household makes decisions on the purchase of durable goods?” Responses were categorized
as (1) man, (2) woman, or (3) both man and woman. Using data from the first wave of ACCESS, we establish a
robust positive association between women decision-makers and LPG adoption [66].

Religion can serve as an indicator of class welfare that can be linked to fuel choice. In rural India, followers of
Hindu religions are the dominant majority, while Buddhists, Muslims, and Christians are often minorities that
may exhibit lower overall socio-economic outcomes because of their marginalized position in society [67].
Identifying as Muslim, in particular, has been shown as a significant indicator of social inequality [49]. Previous
studies of cooking fuel choice in India have included religion [22, 62, 68]. Here, the baseline categoryis a
combination of religions other than Hindu.

Age of the household head may affect cooking fuel choice, and is commonly included in empirical studies of
cooking fuel choice. However, there have been contradictory results to date [19, 22], with some studies showing
that households with older households heads are more likely to use solid fuels [55], clean cooking fuels
[51,52,59], or even no association [60, 62].

PMUY beneficiaries have been shown to consume less LPG than general customers in previous studies
[26, 35], and in government databases on cylinder refills [12]. Understanding LPG consumption patterns after
adoption through PMUY is one of the policy’s most pressing questions, and a key to yielding the full benefits of
LPG adoption for tens of millions of Indian households.

Years of LPG experience may affect consumption or use of LPG and other cooking fuels in the household for a
variety of reasons. For example, households that have used LPG longer may have increased familiarity and ability
with the cooking style. In addition, it is possible that cooking with LPG for longer has yielded shifts in attitudes
and preferences towards LPG cooking or traditional cooking styles. Years of cooking with LPG has been
positively associated with LPG consumption elsewhere [26, 58, 69, 70].

In an additional analysis we include four unique village-level covariates. Together, these covariates serve as
proxies for LPG fuel accessibility. It is relevant to note that there is little variation in LPG cylinder costs across
this region of India because prices are set by state-run oil companies and only revised on a monthly basis, as well
as robust cylinder subsidies. Descriptive statistics for all village-level covariates can be found in SI Appendix
table A4.

Number of households in the village accounts for the robustness of LPG cylinder supply. Households living in
urban communities consistently use more clean cooking fuels and less solid fuels for cooking than their rural
counterparts. Improved socio-economic development often accompanies the growth in community sizes,
which leads to improved infrastructure and increased reliability of clean fuel supply [53]. We calculate village
size using data from the 2011 National Census (for all villages except those in West Bengal) and 2001 National
Census (for villages in West Bengal). In the ACCESS project we estimated the number of households in a village
by speaking to a village leader. However, 232 villages had missing data, which would lead to 5,313 dropped
households. We utilized Census data to avoid losing this quantity of data. Given the across-village nature of our
analysis, we expect that the proportional differences between villages is more important than employing more
current data.

Distance to the nearest town is a proxy for LPG cylinder supply. Previously, distance to the nearest town has
been used to predict solar electrification in India [71]. We follow methods previously established by study
collaborators ([71]) and use 2011 National Census data to estimate the straight line distance (in kilometers) from
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village centers to the nearest statutory town, or an urban area with a municipal corporation or equivalent
governing body.

Average one-way distance traveled to acquire an LPG cylinder refill is a direct self-reported measure of the
burden of LPG cylinder acquisition. LPG-owning respondents were asked ‘What is the one-way distance in
kilometers your family typically travels to get LPG? We averaged all responses within a village to estimate the
covariate. Long travel distances may be a limiting factor in transitions away from reliance on solid fuels to clean
cooking fuels [72].

Forest cover is used here as an indicator for biomass availability. Previous studies have pointed to biomass
availability as a driver of cooking fuel choice [64, 73, 74]. Using freely-available information from The Socio-
Economic High-resolution Rural-Urban Geographic Dataset on India (SHRUG v1.2) [75], we identify forest
cover in 2014 from the vegetation Continuous Fields 250 meter resolution data for each study village. These data
provide annual tree cover in the form of each pixel under forest cover based on multiple MODIS images and
additional higher-resolution satellites as used previously [76]. For our variable of interest, we define average
forest cover for each study village as total forest cover in the provided village polygons (based on the 2011
Census) divided by the total number of pixels comprising each polygon. Therefore, average forest cover provides
us with a percentage of the total area associated with each village labeled as forest.

Statistical Approach

We jointly model the determinants of LPG adoption and the predicted amount of LPG consumption using a
two-stage double-hurdle model. This model, originally formulated by Cragg (1971) [77], assumes a decision to
consume a good is made in two stages. First, participants decide to participate (here, to adopt LPG). Second,
consumers decide their optimal consumption (here, how much LPG to use per month in kilograms) [78]. It is
plausible that the determinants of the decision to participate and the determinants of consumption are different
and, therefore, a two-stage double-hurdle model is ideal for jointly modeling LPG adoption and use.
Furthermore, the two-stage double-hurdle model enables the inclusion of covariates for only the second stage
(consumption) that would otherwise be perfectly correlated with LPG adoption, e.g., status asa PMUY
beneficiary, years of LPG ownership.

We use the ‘churdle’ command in Stata and define that the outcome variable is truncated at 0. We then
calculate average-adjusted probabilities for participation (LPG adoption) in stage one and average-adjusted
predicted LPG consumption (LPG use) in stage two using ‘margins’ command.

The double-hurdle model estimates four equations in two distinct stages. The first equation estimates the
decision to adopt LPG in a binary logit model. This step is the ‘hurdle’ that households need to overcome to use
LPG. Then, the second equation models the expected amount of consumption for those who participate in the
LPG market. This model uses a truncated Poisson model to estimate LPG consumption in kilograms. Third, the
standard deviation of the error term in the first equation is estimated. The fourth equation then estimates
covariance between the error terms of the first two equations for the decision to adopt LPG and then how much
LPGis consumed.

A double-hurdle model may be more ideal than tobit models when dealing with corner solutions
(individuals with no option to participate in the LPG market or who refuse to participate no matter the
circumstances) [78]. When the decision to adopt a technology is distinct from the decision to use it, as is the case
here, a double-hurdle model offers an appealing alternative to isolate the expected probability of the amount of
consumption among those who have chosen to participate in the market.
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