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Abstract

China expanded population access to clean fuels and technologies for cooking from ap-
proximately 40.3% in 2000 to 88.7% in 2023. Nevertheless, the national-level health returns
from this transition for population mortality remain unestimated. This study examines
the long-run relationship between energy poverty, proxied by access to clean fuels and
technologies, and three health outcomes in China: infant mortality, under-five mortality,
and life expectancy. The study uses data from 2000 to 2024 and employs the Fully Modified
Ordinary Least Squares (FMOLS), Canonical Cointegrating Regression (CCR), and Dy-
namic Ordinary Least Squares (DOLS) for the analysis. The results are considered robust
only if consistent across all three estimators. A 1% increase in clean fuels and technologies
access is associated with long-run declines of about 2.10% in infant mortality and 1.93% in
under-five mortality, significant at the 1% level across all specifications. In addition, clean
fuels and technologies exhibits a positive impact on life expectancy at 1% significance. Like-
wise, primary education negatively and significantly affects infant and under-five mortality;
however, it does not significantly affect life expectancy. Fertility rate shows a positive and
significant impact on infant and under-five mortality. To reduce early-life mortality, the
findings support treating clean fuel access for rural households that rely on solid fuels as
a distinct health policy objective, although its returns relative to conventional healthcare
spending require cost-effectiveness evidence beyond the scope of this study.

Keywords: energy poverty; infant mortality; under-five mortality; life expectancy; public
health

1. Introduction

Energy poverty is now firmly on the agenda of the major international institutions. The
United Nations and the International Energy Agency both treat universal access to affordable,
reliable, and clean energy as a core development priority [1,2], and Sustainable Development
Goal 7 commits member states to close the access gap by 2030 [3,4]. Energy poverty
has been defined as the condition in which households are unable to secure materially
and socially necessitated energy services [5]; the concept is conventionally traced to the
capabilities approach to welfare, and in developing countries it manifests primarily as a lack
of access to basic clean energy for cooking, heating, and lighting, often forcing reliance
on firewood, crop residue, and coal [6,7]. Its consequences are wide-ranging. Energy
poverty degrades living standards and undermines mental and physical health [8-10],
and it interacts with inequality, because the burden of deficient access falls hardest on
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lower-income households [11-13]. Among these consequences, the most severe is also the
least studied in the Chinese context: premature death. This paper asks a precise question:
what is the mortality burden of energy poverty in China?

The premise that household energy deprivation kills is established in the burden-of-
disease literature, which places household air pollution among the leading global causes
of premature death [14]. Current estimates attribute approximately 3.2 million deaths
per year to household air pollution, including 237,000 children under five, with roughly
2.3 billion people still cooking with polluting fuels [15], alongside 666 million people
without electricity in 2023 [1,3,15]. What is missing is a credible estimate of this burden’s
magnitude in China. Following this literature, mortality burden in this study refers to the
change in mortality associated with energy poverty, expressed in health units rather than
monetary terms [16]. Such burden estimates supply the health component of cost-benefit
and cost-effectiveness assessments of household energy interventions, in which avoided
illness and deaths are weighed against program costs [17-19].

Three mechanisms connect energy poverty to mortality, and they frame the interpre-
tation of the results rather than enter the empirical model as tested pathways. The first
is household air pollution: combustion of biomass, coal, and kerosene in poorly venti-
lated spaces exposes household members, especially women and young children, to fine
particulate matter and carbon monoxide, with documented consequences for childhood
pneumonia, stroke, chronic obstructive pulmonary disease, and birth outcomes [15,20].
The second is thermal stress: inadequate heating and cooling capacity raises vulnerability to
temperature-related mortality. The third is indirect, operating through household budgets
and the health system: energy-constrained households may forgo care, while energy access
enables refrigeration of medicines, safe lighting, and information. Of the three, household
air pollution is the channel most closely aligned with the cooking-based access indicator
used in this study. The empirical analysis estimates the long-run association between access
and mortality and does not test any of the three mechanisms directly, so thermal stress and
the budgetary channel serve an interpretative function only. Section 2 reviews the evidence
behind each channel.

The Chinese setting makes these mechanisms urgent rather than academic. China
has achieved near-universal electrification [21], yet energy poverty persists and exhibits
marked spatial disparities, with higher levels concentrated in western and less-developed
regions, while rural households remain substantially more energy-poor than their urban
counterparts [22]. When there is a clearer understanding of whether, and to what extent,
residual deficits in access to clean fuels and technologies continue to extract a demographic
toll in China, it will therefore be both a scientific question and a policy imperative.

Research on energy poverty and health has developed unevenly across regions. Glob-
ally, the burden-of-disease literature attributes a large share of premature deaths to house-
hold air pollution from solid fuels [14,16]. Macro-econometric studies of energy access
and mortality are concentrated in sub-Saharan Africa, where Owili [23] and Byaro [24]
associate clean cooking fuels with lower child mortality. Banerjee [9] extend the evidence
to a broader set of developing countries but examine health and education outcomes rather
than mortality. In China, research has focused on specific policies or on household-level
health. Chen [25] and Ebenstein [26] use the Huai River heating boundary to show that sus-
tained exposure to coal-based heating reduced life expectancy, while Lee [27] and Wen [28]
evaluate clean heating programs in Beijing and rural China. Qin [29] and Xu [30] document
the effects of energy poverty on the physical and mental health of Chinese households.
None of these studies estimates the national long-run relationship between clean cooking
access and mortality in China.
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Notably, the recent empirical literature on energy access and mortality, reviewed in
Section 2, is geographically narrow and rests largely on cross-sectional surveys or short
panels; it has not been extended to China. Three problems follow, and they define the
gaps this study fills. First, few studies have estimated the relationship for China, the
world’s most populous country and its largest energy consumer. Second, existing studies
estimate one outcome at a time, so nothing is known about whether the energy-mortality
relationship is symmetric across infant mortality, under-five mortality, and life expectancy.
Third, because access and mortality are non-stationary, jointly trending processes, evidence
from levels regressions on short panels risks spurious inference, and the cointegration
methods suited to this problem have not been applied to Chinese long-run data.

This study addresses these gaps directly. Using Chinese annual data spanning several
decades, and estimating with three complementary cointegration estimators, Fully Modi-
fied Ordinary Least Squares (FMOLS), Canonical Cointegration Regression (CCR), and
Dynamic Ordinary Least Squares (DOLS), we seek to answer four questions. (1) Does
access to clean fuels and technologies have a long-run cointegrating relationship with infant
mortality in China? (2) Is the same relationship present for under-five mortality? (3) Does
access to clean fuels translate into gains in life expectancy, the positive counterpart of the
mortality margin? (4) Are the estimates robust across three estimators that correct for
non-stationarity and endogeneity in different ways?

Figure 1 illustrates the research framework of this paper. We find that access to clean
fuels and technologies is associated with significantly lower infant and under-five mortality
in the long run, and that this negative relationship is consistent across all three cointe-
gration estimators. The estimated elasticities are outcome-specific, declining from in-
fant mortality through under-five mortality to life expectancy. Finally, the estimated
elasticities can be translated into implied changes in mortality that can inform future
cost-effectiveness assessments.

Access to clean fuels and technologies
Infant mortality, under-five mortality
Life expectancy, and controls

Fully Modified OLS
Canonical Cointegration Regression
Dynamic OLS

Infant mortality
Under-five mortality
Life expectancy

Outcome-specific elasticities
Estimator convergence

Avoided deaths per access point
SDG 7 and SDG 3 alignment
Rural energy transition strategy

( StepS > Mortality cost translation
and policy analysis

Figure 1. Study framework.

The contributions of the paper are specific, and they correspond to what the analysis
establishes rather than to general claims of relevance. First, the paper provides the first long-
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run cointegration estimates of the energy access—-mortality relationship for China, a country
for which the global evidence base on household energy and death is effectively silent, even
though China accounted for a large share of the global population cooking with solid fuels
over much of the sample period (Stoner [31]). Second, the paper demonstrates that the
relationship is outcome-specific rather than uniform: access to clean fuels exhibits a robust
negative long-run association with both infant and under-five mortality, while its association
with life expectancy, although positive, is quantitatively smaller and carried almost entirely
by the access margin rather than by the covariates, a pattern with direct implications for how
the mortality burden of energy poverty should be aggregated across age groups. Third, the
paper shows that the estimates survive triangulation across FMOLS, CCR, and DOLS, whose
corrections for serial correlation, endogeneity, and short-run dynamics operate through
different channels; the convergence of the three estimators constitutes evidence that the
long-run elasticities are not artifacts of a single specification. Fourth, the paper expresses
the relationship as implied proportional changes in mortality, which situates energy policy
within the health accounting used by the Global Burden of Disease framework [16] and
which future cost-effectiveness studies can combine with program cost data.

2. Literature Review
2.1. Literature on Energy Poverty: Measurement and Socio-Economic Impacts

The academic treatment of energy poverty began with measurement, because the con-
cept resists a single-threshold definition. The foundational contribution is Nussbaumer [32],
who drew on the Alkire-Foster method of multidimensional poverty analysis [33] to con-
struct the Multidimensional Energy Poverty Index, in which a household is energy-poor
when it is deprived in several of six energy-related capabilities at once [32]. Hills [34] pro-
posed the low-income high-costs indicator, which identifies fuel poverty by the intersection
of high energy costs and low residual income, and Thomson and Snell [35] compared the
properties of these competing approaches in the European setting. This measurement liter-
ature established two durable conclusions. First, energy poverty is not reducible to income
poverty, since a household can be income-poor but energy-sufficient, or the reverse [6].
Second, measurement choices shape policy targeting, which is why Al Kez [5] argues that
indicator systems must differ between developing and developed countries, and why Jones
and Reyes [7] identify indicator design as one of the persistent themes of the field.

The Chinese measurement literature followed this multidimensional logic with local
adaptations. Zhang [36] examined the determinants of energy poverty in China, em-
phasizing the combined role of income, fuel availability, and infrastructure. Wang [22]
construct a multidimensional measure of energy poverty for China and document pro-
nounced spatio-temporal disparities, with deprivation concentrated in the western and
inland provinces. These studies supply the descriptive backdrop for the present paper, but
they stop at measurement and mapping; neither quantifies the demographic consequences
of the deprivation they measure.

Beyond measurement, a second strand documents the socio-economic costs of energy
poverty. Thomson [8] showed across 32 European countries that energy-poor households
report systematically worse health and lower life satisfaction. Banerjee [9] extended the
evidence to the developing world, finding that energy poverty depresses health and edu-
cation outcomes in developing-country households. The inequality dimension is equally
established: the burden of deficient access falls disproportionately on lower-income house-
holds [37], and Song [13] confirms this pattern across 77 countries at different stages of
economic development, where energy poverty and income inequality move together. Li [12]
adds a household-level perspective showing that energy poverty and inequality jointly con-
dition China’s progress toward the Sustainable Development Goals. For China specifically,
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Qin [30] documents the harm to farmers” health in mountainous regions, and Xu [31] shows
the erosion of mental and physical health capital among energy-poor rural residents. What
this strand shares is an outcome set dominated by well-being, morbidity, and self-reported
health; mortality appears only rarely and indirectly.

Therefore, this study investigates the impact of energy poverty, proxied by access to
clean fuels and technologies for cooking, on mortality.

2.2. The Literature on Energy Access and Mortality

The claim that household energy deprivation kills rests on the mature burden-of-
disease literature. Smith [38] first placed indoor smoke from solid fuels among the largest
environmental risk factors globally, and Smith [14] consolidated the Global Burden of
Disease evidence establishing household air pollution as a leading cause of lost healthy life
years. The causal chain from exposure to death runs through fine particulate matter and
carbon monoxide. Europe [20] set indoor guideline values for carbon monoxide, and its later
guidelines on household fuel combustion set emission targets for household stoves [21].

Intervention studies complicate this chain in instructive ways. Hanna [39] found that
one of the largest improved stove programs in history produced almost no measurable
health improvement, demonstrating that the mortality returns to energy access depend on
adoption, stacking, and behavior rather than on hardware alone. In the Chinese setting,
Chen [26] and Ebenstein [27] exploited the Huai River heating policy boundary to show that
sustained exposure to coal-based heating raised cardiopulmonary mortality, establishing
thermal stress as a mortality channel independent of cooking fuel. Lee [28] provided quasi-
experimental evidence that the coal-to-clean heating transition reduced acute myocardial
infarction in Beijing, and Wen [29] documented multidimensional health gains from clean
residential heating in rural China. These studies establish that energy transitions can move
mortality, but they are localized in place, period, or population, and none speaks to the
national long-run relationship.

The macro-econometric literature on energy access and mortality is younger and
concentrated in sub-Saharan Africa. Byaro [24] used panel quantile regressions to show
that electricity access and clean cooking fuels reduce infant, child, and maternal mortality
across the distribution of African countries. Owili [24] drew on demographic and health
survey data from 23 Sub-Saharan African countries to show that cooking fuel type is
significantly associated with under-five mortality. Sen [40] applied machine-learning-
augmented econometrics to energy poverty and newborn mortality. These studies share
two limitations relevant here: they are geographically confined to Africa, and they estimate
one outcome at a time, leaving open whether the relationship is symmetric across mortality
margins. Early comparative cointegration work spanning Africa and Asia reaches the same
substantive conclusion and confirms that long-run estimation is essential in this domain,
but it too excludes China.

The emerging-economy evidence broadens this picture in three directions. Hay-
ford [41] shows that clean cooking technologies, combined with information and commu-
nication technology, generate measurable environmental benefits in developing countries,
indicating that the clean cooking transition interacts with other infrastructure in ways
single-outcome studies miss. In the BRICS nations clean energy deployment can deliver
joint progress across the social, economic, and environmental pillars of the Sustainable
Development Goals, which supports the co-benefit framing that motivates treating energy
access as a health-relevant intervention rather than an energy-sector objective alone [42]. Gy-
imah [43] provides country-level evidence from Ghana that renewable energy consumption
moves together with economic growth, reinforcing the expectation that access expansion
and development reinforce each other over the long horizon that this paper estimates.
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A related but distinct tradition treats longevity itself as the outcome. In the health-
production-function literature, life expectancy is modeled as the output of income, educa-
tion, health system capacity, and nutrition, with the robust finding that national income
improvements translate into survival gains, summarized in the result that the wealthier
are healthier [44,45]. This tradition identifies the standard covariates of mortality analysis
but has rarely incorporated household energy conditions into the production function. As
a result, the longevity margin of the energy—mortality relationship remains thinly studied.

The econometric tools suited to this problem are well established, even if they have not
been applied to Chinese energy—mortality data. Fully Modified Ordinary Least Squares,
developed by Phillips and Hansen [46], corrects Ordinary Least Squares for both serial
correlation and endogeneity in cointegrated systems through a semi-parametric correction.
Canonical Cointegration Regression, proposed by Park [47], achieves stationarity of the
regression error through a transformation of the cointegrating space, and Dynamic Ordi-
nary Least Squares, introduced by Stock and Watson [48], augments the levels regression
with leads and lags of the differenced regressors to absorb short-run dynamics. Because
the three estimators correct for non-stationarity through different mechanisms, their con-
vergence on a common long-run elasticity is itself informative evidence, a logic widely
used in the energy-growth nexus literature. Their joint application to access, mortality, and
longevity in China is what this paper adds.

2.3. Literature Gaps

The literature leaves four main gaps. First, the mortality evidence base has a China-
shaped hole: the burden-of-disease literature aggregates China into global totals, the inter-
vention literature examines specific cities or programs, and the macro-econometric literature
covers Africa and Asia. Few studies estimate the long-run relationship between access to
clean fuels and technologies and mortality for China as a whole. Second, outcomes are
studied in isolation, so the symmetry of the relationship is unknown; whether one access
elasticity describes infant mortality, under-five mortality, and life expectancy, or whether the
relationship is outcome-specific, has rarely been tested within a single framework. Third,
the estimation technique is underdeveloped for the problem: most evidence rests on cross-
sectional surveys or short panels, yet access and mortality are non-stationary processes
whose relationship can only be credibly recovered within a cointegration framework. Fourth,
the framing is incomplete: the literature expresses results as associations or program effects,
and few studies translate elasticities into the implied mortality burden of energy poverty
for China.

The specification is completed by covariates drawn from the health-production tradi-
tion: primary education and health expenditure proxy human capital and health system
capacity [45,49], fertility captures demographic structure [50], and economic growth ab-
sorbs the wealthier-is-healthier channel [44]. These controls allow the estimated access
elasticities to be interpreted as the association of energy poverty with mortality net of
general development.

This paper addresses all four gaps by estimating FMOLS, CCR, and DOLS cointegrating
relationships between access to clean fuels and technologies and each of the three outcomes
in Chinese long-run data, and by expressing the results as implied changes in mortality.

3. Methodology
3.1. Model

To investigate the impact of energy poverty on mortality in China, this study employs
the FMOLS, CCR, and DOLS estimators to investigate the long-run relationships between
the variables. Several studies have used these estimators for long-run analyses [51-55]. The
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estimators address issues of small sample bias and serial correlation [56]. Moreover, these
econometric techniques handle the problem of endogeneity [57].

The analyses of the study are grouped into three; first, the study investigates the long-
run impact of energy poverty on infant mortality and it has been illustrated in Equation (1).
Second, the study investigates the impact of energy poverty on under-five mortality and it
has been shown in Equation (2). Third, the study examines the impact of energy poverty
on life expectancy and it has been presented in Equation (3).

Inin; = ay + aylnac; + a,Inpr;, + azinfr;, + aylnhe; + aslnec;, + ¢, (1)
Inuf, = ay + aqInacy + a,Inpry, + asInfry, + aylnhe; + aslnec;, + ¢, (2)
Inle;, = ag + aylnacy + a,Inpr;, + azlnfr;, + aylnhe;, + aslnec;, + € (3)

In Equations (1)—(3), Inac denotes access to clean fuels and technologies, Inuf denotes
under-five mortality, Inin denotes infant mortality, Inle denotes life expectancy, Inpr denotes
primary education, Infr denotes fertility, Inke denotes health expenditure, Inec denotes
economic growth, &y — a5 denotes coefficients, t denotes time, i denotes country, and ¢
denotes error term.

3.2. Data

This study uses data from the World Bank’s World Development Indicators from 2000
to 2024 which covers 25 annual observations. The period for the data is based on data
availability. A small sample size might present econometric challenges, so we analyzed
and interpreted the findings cautiously. The data covers eight variables, three dependent
variables, one independent variable, and four control variables. The dependent variables
are infant mortality, under-five mortality, and life expectancy. The independent variable is
access to clean fuels and technologies for cooking, which is a proxy for energy poverty. The
control variables are primary education, fertility rate, health expenditure, and economic
growth. Access to clean fuels and technologies is a composite indicator rather than a measure
of a single fuel. Under the World Health Organization definition, electricity, natural gas,
liquefied petroleum gas, biogas, solar and alcohol fuels all count as clean [15], so the access
series moved with several structural changes in China’s energy system. The use of mortality
and life expectancy as the indicators of health is based on previous studies such as [58,59].
The three health indicators mainly focus on reducing mortality and prolonging human life.
The definition and measurement of each variable are presented in Table 1. GPD per capita
growth proxy for economic growth was transformed using the natural logarithm.

Table 1. Variable definition.

Variable Measure Source
. Percentage of population with access to clean fuels
Energy poverty Inac  Independent variable and technologies for cooking WDI
Infant mortality Inin  Dependent variable = Mortality rate, infant (per 1000 live births) WDI
Under-five mortality Inuf Dependent variable  Mortality rate, under-five (per 1000 live births) WDI
Life expectancy Inle Dependent variable  Life expectancy at birth, total (years) WDI
Primary education Inpr  Control variable School enrolment, primary (% gross) WDI
Fertility rate Infr  Control variable Fertility rate, total (births per woman) WDI
Health expenditure  Inke  Control variable ]()o/orgfe é(gl;g)e neral government health expenditure WDI
Economic growth Inec  Control variable GDP per capita growth (annual %) WDI

Table 2 shows the outcome of the descriptive statistics. The results show that primary
education has the highest mean and maximum values of 4.6193 and 4.7513, respectively,
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with a minimum value of 4.5679. Access to clean fuels and technologies has a mean value
of 4.1133, maximum value of 4.4853, and minimum value of 3.6964. Infant mortality has
a mean value of 2.3750, maximum value of 3.3979, and minimum value of 1.4110. Under-
five mortality has a mean value of 2.6309, maximum value of 3.6001, and minimum value
of 1.7405. Life expectancy has a mean value of 4.3288, a maximum value of 4.3593, and
minimum value of 4.2807.

Table 2. Descriptive statistics.

Mean Median Maximum Minimum Std. Dev
Inac 41133 4.1220 4.4853 3.6964 0.2624
Inin 2.3750 2.3514 3.3979 1.4110 0.6167
Inuf 2.6309 2.6027 3.6001 1.7405 0.5746
Inle 4.3288 4.3334 4.3593 4.2807 0.0253
Inpr 4.6193 4.6039 4.7513 4.5679 0.0450
Infr 0.4189 0.4874 0.5867 —0.0010 0.1859
Inhe 0.7125 0.8735 1.2220 —0.0388 0.4194
Inec 1.9730 2.0202 2.6068 0.7401 0.3995

The results in Table 3 are the outcome of the correlation analysis. The results reveal
that access to clean fuels and technologies for cooking as a proxy for energy poverty has
a strong and negative correlation with infant mortality (—0.9966). Similarly, access to clean
fuels and technologies has a negative strong correlation with under-five mortality. However,
it has a positive and strong correlation with life expectancy (0.9907). This implies that
increasing access to clean fuels and technologies has a positive association with reducing
mortality in China.

Table 3. Correlation.

Inin Inac Inpr Infr Inhe Inec

Inin 1

Inac —0.9966 1

Inpr 0.8439 —0.8664 1

Infr 0.6269 —0.5818 0.1823 1

Inhe —0.9350 0.9414 —0.8910 —0.3894 1

Inec 0.6670 —0.6797 0.4587 0.5293 —0.6162 1
Inuf Inac Inpr Infr Inhe Inec

Inuf 1

Inac —0.9967 1

Inpr 0.8497 —0.8664 1

Infr 0.6180 —0.5818 0.1823 1

Inhe —0.9385 0.9414 —0.8910 —0.3894 1

Inec 0.6621 —0.6797 0.4587 0.5293 —0.6162 1
Inle Inac Inpr Infr Inhe Inec

Inle 1

Inac 0.9907 1

Inpr —0.8970 —0.8664 1

Infr —0.5151 —0.5818 0.1823 1

Inhe 0.9586 0.9414 —0.8910 —0.3894 1

Inec —0.6413 —0.6797 0.4587 0.5293 —-0.6162 1

The Augmented Dickey—Fuller test is employed to test for the unit root among the
variables. The outcome of the test is presented in Table 4. The Schwarz Info Criterion with
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maximum lag 5 and the deterministic components of intercept, trend and intercept, and
none are used. The deterministic component is chosen based on the variable. The condition
for the test is that the null hypothesis suggests there is a unit root and the alternative
hypothesis suggests there is no unit root. For this condition to be met, at levels the variables
should not be stationary and at first difference the variables should be stationary. The
results show that at levels all the variables are not significant, meaning the variables are
not stationary. Nevertheless, at first difference all the variables are stationary. The test
reveals that the variables are non-stationary at levels but stationary at first differences;
therefore, they are classified as I(1). The outcome supports proceeding with the Johansen
cointegration test.

Table 4. Unit root test outcome.

Levels First Difference
t-Statistic Test Critical Values t-Statistic Test Critical Values
Inac —1.0429 —2.6797 —1.6399 *** —1.6066
Inin —0.1368 —4.4407 —5.3842 * —4.4407
Inuf  —0.8304 —4.4164 —5.3657 * —4.4164
Inle 2.2896 —4.4407 —5.6337 * —4.4164
Inpr —1.0012 —-1.9614 —2.5441 ** —1.9628
Infr —0.4233 —4.3943 —4.5306 * —4.4164
Inhe —1.0961 —4.4164 —4.8167 * —4.4407
Inec —1.0865 —3.7530 —5.5657 * —3.7696

*,**, and *** signify 1%, 5%, and 10% significance, respectively.

To investigate the long-term relationship among variables, the variables must be coin-
tegrated. Therefore, the Johansen cointegration is employed to test for cointegration among
the variables. The cointegration used allows for linear deterministic trend in data with
an intercept (no trend) in CE and test VAR deterministic trend assumption. The Eviews
used the Schwarz Information Criterion (SIC) to select the VAR lag, and then the selected
VAR order by the SIC was translated into the corresponding Johansen lag interval. The test
is in three groups, first, infant mortality and other variables, second, under-five mortality
and other variables, and third, life expectancy and other variables. The results are presented
in Table 5. The results for all the three groups indicate that the variables are cointegrated
and their long-term effect can be investigated.

Table 5. Cointegration test outcome.

Infant Mortality Under-Five Mortality Life Expectancy
Maximum Maximum Maximum
Trace . Trace . Trace .
Eigenvalue Eigenvalue Eigenvalue
Trace Critical 1]\;[axi- Critical  Trace Critical g/!axi- Critical  Trace Critical g!axi- Critical
Stat Value 1gen Value Stat Value 1gen Value Stat Value 1gen Value
Stat Stat Stat
None 148.32 95.754 59.484 40.078 142.65 95.754 61.234 40.078 171.18 117.71 71.021 44.497
Atmost1  88.833 69.819 44.094 33.877 81.413 69.819 38.708 33.877 100.16 88.804 38.897 38.331
Atmost2  44.739 47.856 23.545 27.584 42.705 47.856 20.201 27.584 61.260 63.876 31.331 32.118
Atmost3  21.193 29.797 11.707 21.132 22.505 29.797 12.080 21.132 29.929 42915 12.884 25.823
Atmost4  9.4863 15.495 9.4085 14.265 10.425 15.495 9.5288 14.265 17.045 25.872 9.5478 19.387
Atmost5  0.0778 3.8415 0.0778 3.8415 0.8960 3.8415 0.8960 3.8415 7.4969 12.518 7.4969 12.518
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4. Empirical Results
4.1. Access to Fuels and Technologies and Infant Mortality

We present the long-run estimates for infant mortality in Table 6. The three columns
correspond to the three cointegration estimators: Fully Modified Ordinary Least Squares
(FMOLS), Canonical Cointegration Regression (CCR), and Dynamic Ordinary Least
Squares (DOLS). The choice of estimator procedure follows the logic of the non-stationarity
problem established in Section 2: because access and mortality are jointly trending processes,
conventional levels regression risks spurious inference, and each estimator corrects for this
through a different mechanism, namely a semi-parametric correction for serial correlation
and endogeneity in FMOLS, a transformation of the cointegrating space in CCR [47], and
leads and lags of the differenced regressors in DOLS [48]. We therefore read the estimates
as robust only where all three estimators agree, and we report the full triangulation rather
than selecting a single preferred column.

Table 6. Access to clean fuels and technologies and infant mortality.

FMOLS CCR DOLS
Coeff Std. Err  t-Statistics Coeff Std. Err  t-Statistics Coeff Std. Err  t-Statistics
Inac —2.0983 * 0.0636 —32.974 —2.0990 * 0.0737 —28.480 —-2.0211* 0.1274 —15.867
Inpr —0.4617 ** 0.1935 —2.3859 —0.4709 ** 0.1855 —2.5383 —0.5912 *** 0.2940 —-2.0111
Infr 0.2380 * 0.0280 8.4930 0.2454 * 0.0299 8.2081 0.1735 ** 0.0622 2.7917
Inhe —0.0541 *** 0.0281 —-1.9223 —0.0593 *** 0.0297 —1.9942 —0.0634 0.0558 —1.1364
Inec —0.0190 ** 0.0082 —-2.3271 —0.0236 0.0186 —1.2663 0.0007 0.0265 0.0256

*,**, and *** signify 1%, 5%, and 10% significance, respectively.

Three findings stand out. First, access to clean fuels and technologies carries a large,
precisely estimated negative long-run association with infant mortality. The FMOLS coef-
ficient is —2.0983, the CCR coefficient is —2.0990, and the DOLS coefficient is —2.0211, all
significant at the 1 percent level. In logarithmic terms, the FMOLS estimate implies that
a one percent increase in access to clean fuels and technologies is associated with a long-run
decline of approximately 2.10 percent in infant mortality. The above results are consistent in
sign with the entire preceding literature, but the design differs from that literature in a way
that explains the magnitude. Byaro [24] estimated the relationship from a panel of African
countries using quantile regressions and found that electricity access and clean cooking fuels
reduce infant mortality across the distribution of countries, with magnitudes on the order
of two tenths of one percent. Sen [40] used machine-learning-augmented econometrics to
study newborn mortality in energy-poor settings and reached the same directional con-
clusion. Both studies identify short-to medium-run effects from cross-sectional and panel
variation; the present estimates capture the long-run cointegrating relationship within a sin-
gle country that expanded access from roughly 39 to 88% of its population in two decades,
and therefore embed the full adjustment of household behavior and fuel substitution that
shorter windows cannot observe. The gap between the magnitudes is a decomposition, not
a contradiction: the African estimates approximate the short-run return, and the estimates
in this study approximate the total return to a sustained national transition.

Second, the covariates behave in line with the health-production logic reviewed in
Section 2, and each one can be placed against its source literature. The primary education
coefficient has a negative and significant association with infant mortality at the 5% level
in FMOLS and CCR and at the 10% level in DOLS, which agrees with Caldwell [50], who
identified education as a factor in mortality decline, a channel that the cross-country studies
in this literature could not separate from the energy channel the present specification
controls directly. The fertility coefficient shows a positive and significant association with
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infant mortality at the 1% level across all three estimators, consistent with the demographic
transition tradition in which high-fertility settings face elevated child mortality risk, and
this finding notably recurs in the household-level evidence on cooking fuel and under-
five mortality Owili [24]. Health expenditure exhibits a negative association with 10%
significance in FMOLS and CCR but loses significance in DOLS, which agrees with Filmer
and Pritchett [45], who found health system capacity protective across countries; economic
growth has a negative association with infant mortality at 5% significance in FMOLS alone.

4.2. Access to Fuels and Technologies and Under-Five Mortality

Table 7 repeats the estimation for under-five mortality and confirms the infant mor-
tality result while revealing its outer boundary. The access to clean fuels and technologies
coefficient remains negative and significant at the 1 percent level under all three estima-
tors: —1.9278 (FMOLS), —1.9327 (CCR), and —1.8419 (DOLS). The association with infant
mortality reduction of 2.10 percent is consistent with the greater vulnerability of infants
to household air pollution, and it is consistent with Owili [24], whose household-level
comparison of cooking fuels in 23 Sub-Saharan African countries links fuel type to under-
five mortality risk. What the present estimates add to that micro evidence is the national
long-run magnitude: Owili [24] compared fuel types within households at a point in time
and could not observe the decades over which access expanded in China, whereas the
cointegrating relationship here prices the full transition.

The covariates replicate the infant mortality equation. The primary education co-
efficient shows a negative and significant association in all three specifications, again in
agreement with Filmer and Pritchett [45]. Fertility has a positive and significant association
with under-five mortality at the 1% level in FMOLS and CCR and at the 5% level in DOLS,
which fits the Caldwell [50] tradition and connects to the microdata studies: Banerjee [9]
found that energy poverty depresses health and education outcomes in developing-country
households, and the positive fertility coefficient here captures the demographic dimension
of that pattern at the national level. Health expenditure exhibits a negative association
with under-five mortality at 5% significance in FMOLS and CCR, and economic growth
shows a negative association with under-five mortality at 5% significance in FMOLS alone.
Figure 2 illustrates the trend of infant and under-five mortality in China.
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Figure 2. Infant and under-five mortality.
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Table 7. Access to clean fuels and technologies and under-five mortality.
FMOLS CCR DOLS
Coeff Std. Err  t-Statistics =~ Coeff Std. Err  t-Statistics =~ Coeff Std. Err  t-Statistics
Inac -1.9278* 0.0605 —31.891 —1.9327 * 0.0702 —27.552 —1.8419 * 0.0967 —19.043
Inpr  —0.3973 ** 0.1838 -2.1612 —0.4089 ** 0.1780 -2.2971 —0.5440 ** 0.2232 —2.4369
Infr  0.2045* 0.0266 7.6814 0.2121* 0.0289 7.3373 0.1331 ** 0.0472 2.8200
Inhe  —0.0565 ** 0.0267 —2.1143 —0.0621 ** 0.0282 —2.2047 —0.0787 0.0423 —1.8590
Inec  —0.0190 ** 0.0077 —2.4581 —0.0261 0.0176 —1.4818 —0.0094 0.0201 —0.4648
* and ** signify 1% and 5% significance, respectively.
4.3. Access to Fuels and Technologies and Life Expectancy
Table 8 turns to the longevity margin, and the contrast with the mortality equations
is sharp. The access to clean fuels and technologies coefficient exhibits a positive and
significant association at the 1% level under all three estimators: 0.0914 (FMOLS), 0.0915
(CCR), and 0.0886 (DOLS). The point estimates imply that a one percent increase in access
to clean fuels and technologies is associated with a long-run increase of about 0.09 percent
in life expectancy. Coefficient convergence across estimators is again tight.
Table 8. Access to clean fuels and technologies and life expectancy.
FMOLS CCR DOLS
Coeff Std. Err  t-Statistics =~ Coeff Std. Err  t-Statistics = Coeff Std. Err  t-Statistics
Inac  0.0914* 0.0094 9.7440 0.0915% 0.0106 8.6237 0.0886 * 0.0191 4.6342
Inpr ~ 0.0277 0.0285 0.9711 0.0285 0.0271 1.0515 0.0127 0.0441 0.2882
Infr  0.0084 *** 0.0041 2.0296 0.0097 ** 0.0043 2.2682 0.0034 0.0093 0.3608
Inke  —0.0005 0.0041 —-0.1101 —0.0010 0.0044 —0.2348 0.0027 0.0084 0.3272
Inec  —0.0008 0.0012 —0.6894 —0.0016 0.0027 —0.5924 0.0021 0.0040 0.5229

*,**, and *** signify 1%, 5%, and 10% significance, respectively.

Two features distinguish this equation from the mortality equations, and both can be
read against the literature. First, the elasticity is an order of magnitude smaller than the mor-
tality elasticities. This is mechanically expected, because life expectancy aggregates survival
across the entire age structure and dilutes the concentrated effect that access exerts on infant
and child deaths. Second, nearly every covariate loses significance. Primary education,
health expenditure, and economic growth are all statistically indistinguishable from zero,
and fertility is significant only in FMOLS and CCR, at the 10% and 5% levels, respectively.
This is where the present results diverge most visibly from the health-production canon:
Pritchett and Summers [44] and Filmer and Pritchett [45] established income and health
expenditure as the central determinants of longevity, but they worked in cross-country
panels in which household energy conditions were unmeasured. Entering access explicitly
into the production function, as this study does, leaves access as the sole surviving long-
run determinant in the Chinese life expectancy equation. The contrast refines rather than
overturns the canon: over the sample period, access co-trended with income and health
spending closely enough to absorb much of their explanatory power.

The longevity margin is also where the Chinese intervention literature is silent in
a way that matters. Chen [26] and Ebenstein [27] demonstrated mortality effects of heating
policy through the Huai River boundary, and Lee [28] showed cardiovascular gains from
Beijing’s coal-to-clean transition, but these designs are localized in place and population
and stop at specific causes of death rather than national longevity. Wen [29] documented
multidimensional health gains from clean residential heating in rural China, again program-
specific. No study in this literature asks whether access to clean fuels and technologies is
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associated with life expectancy independently of income and health expenditure for China
as a whole, which is the question Table 8 addresses.

4.4. Robustness Checks

To ensure our findings are robust and address a concern that may arise from common
long-term trends, a first difference Ordinary Least Squares is conducted and the results
are presented in Table 9. The estimation is an additional sensitivity check and the results
exhibit coefficient directions and statistical significance consistent with the findings obtained
for access to clean fuels and technologies, infant mortality, under-five mortality, and life
expectancy from the FMOLS, CCR, and DOLS estimators. The consistency in the findings
provides evidence that the observed associations are not solely attributable to shared
trends in the level variables. However, this estimation captures short-run associations
rather than long-run equilibrium relationships. Therefore, the findings are interpreted as
supplementary evidence of robustness rather than definitive evidence.

Table 9. Robustness check using alternative estimation method.

Infant Mortality Under-Five Mortality Life Expectancy
Inac —2.135066 * —1.954022 * 0.077710 *
(—14.45460) (—14.70762) (3.419051)
Inpr —0.388792 —0.380618 —0.004485
(—1.255916) (—1.366943) (—0.094159)
Infr 0.162289 * 0.124682 ** —0.001565
(3.091203) (2.640348) (—0.193720)
e —0.054660 —0.069991 0.003408
(—0.915724) (—1.303644) (0.371000)
Inec —0.013893 —0.015882 *** 0.000145
(—1.633056) (—2.075543) (0.111033)

*, **, and *** signify 1%, 5%, and 10% significance, respectively.

The findings in Table 10 are the outcome of the sensitivity analyses to provide additional
evidence to support the main results, particularly on the relationship between access to
clean fuels and technologies, infant mortality, under-five mortality, and life expectancy.
The table comprises five different estimations where access to clean fuels and technologies
remains constant and the results capture its relationship with the dependent variables. The
results show a significant and negative impact of access to clean fuels and technologies on
infant and under-five mortality across all the estimations and a positive and significant
effect on life expectancy across all the estimations. The consistency of the results across all
the estimations when a selected control variable is excluded suggests that the estimated
relationships are not unduly dependent on the inclusion of these particular controls. The
robustness checks strengthen confidence in the consistency of the findings; however, the
sample of 25 annual observations and the absence of formal structural stability tests remain
limitations. Accordingly, the long-run estimates should be interpreted within the context of
these limitations.

Table 10. Sensitivity analysis using alternative model specification.

Infant Mortality Under-Five Mortality Life Expectancy
Specification FMOLS CCR DOLS FMOLS CCR DOLS FMOLS CCR DOLS
Baseline —2.0983* —2.0990* —2.0211 -1.9278* —-1.9327* —1.8419* 0.0914* 0.0915* 0.0886 *
(—=32.974) (-28.480) (—15.867) (—31.891) (—27.552) (—19.043) (9.7440) (8.6237) (4.6342)
Exclude Inpr —2.0143* -2.0510* —2.1812* —-1.8628* —1.9060* —2.0253* 0.0854* 0.0884* 0.0951*
P (—16.405) (—15.667) (—14.597) (-14.185) (-13.574) (—13.590) (7.9216) (7.5694) (7.1661)
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Table 10. Cont.
Infant Mortality Under-Five Mortality Life Expectancy
Specification FMOLS CCR DOLS FMOLS CCR DOLS FMOLS CCR DOLS
Exclude Infr —2.6028* —2.6374* -2.0690* -—-2.3617* —23983* -—1.8716* 0.0754* 0.0731* 0.0928*
(=32.260) (—22.303) (—13.443) (—-33.398) (—23.109) (—15.458) (12.884) (8.5376) (4.6636)
Exclude Inke —2.1989* —2.2065* —2.1351* —2.0344* —-2.0456* —1.9834* 0.0914* 0.0899* 0.0934 *
(—39.620) (—39.748) (—26.338) (—38.291) (—38.271) (—29.500) (12.531) (12.421) (8.9633)
Exclude Inec —2.0722* —-2.0632* -—2.0223* -1.9024* -—-1.8934* —1.8410* 0.0932* 0.0942* 0.0873*
(—27.982) (—25.057) (—18.879) (—27.279) (—24.409) (—20.909) (9.6720) (8.9414) (5.7122)

* signifies 1% significance.

5. Discussion
5.1. Synthesis of Findings Against the Research Questions

The results answer the four research questions posed in the Introduction, and the
pattern across the three outcome tables is coherent enough to state as a single claim. Access to
clean fuels and technologies has a long-run cointegrating relationship with infant mortality
in China (question 1), and the same relationship holds for under-five mortality at a slightly
attenuated magnitude (question 2); access to clean fuels and technologies is associated with
gains in life expectancy that are positive but more than an order of magnitude smaller and
carried almost entirely by the access margin (question 3), and the estimates converge across
three estimators that correct for non-stationarity through different mechanisms, so the long-
run elasticities are not artifacts of one specification (question 4). The four contributions
promised at the outset are therefore delivered together rather than separately: the first
China-specific long-run estimates, the demonstration that the relationship is outcome-
specific, the estimator triangulation, and the translation of the relationship into implied
mortality changes. The literature has treated access to clean fuels and technologies as
one development milestone among many; the evidence here suggests it is better understood
as a health input whose association with mortality is strongest in the first year of life.

The access series reflects several structural changes in China’s energy system. Access
rose from 40.3 percent in 2000 to 88.7 percent in 2023. Over the same period, national coal
consumption rose 3.1-fold, driven largely by power generation, while households’ share of
national coal use fell from about 7 percent in 2000 to less than 2 percent by 2019 [61]. Natural
gas consumption rose 15.3-fold between 2000 and 2022 [61], and the share of gas in rural
household fuel energy rose from about 3 percent in 2012 to 11 percent in 2017 [62]. Wind
and solar generation increased from 0.61 to 1836 terawatt-hours between 2000 and 2024.
Electricity from all sources supplied about 20 percent of rural household energy by 2017 [62],
and renewable electricity also reached rural households directly through the photovoltaic
poverty alleviation program, which reached 4.15 million households by 2019 [63]. The
estimated elasticities therefore reflect the joint long-run association of these fuel transitions
with mortality, and part of the estimated return to access reflects the substitution of gas and
electricity for household coal and biomass.

5.2. The Mortality Burden of Energy Poverty

The direction of the estimated relationships agrees with the existing evidence, while
the design of this study explains where the outcome patterns differ. The negative associ-
ation between clean cooking access and child mortality is consistent with evidence from
sub-Saharan Africa, where Byaro [24] finds that clean cooking fuels reduce infant and child
mortality and Owili [23] links cooking fuel type to under-five mortality. The present esti-
mates differ from those studies in two respects. First, they capture a long-run cointegrating
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relationship within one country rather than cross-sectional or short-panel variation, and
therefore embed the adjustment of household fuel use over two decades. Second, they
estimate infant mortality, under-five mortality and life expectancy within one framework,
which shows that the association weakens as the outcome moves from early-life survival
to longevity. The weaker and less-stable coefficients on health expenditure and economic
growth depart from the health-production literature, in which income and public health
spending are central determinants of mortality [44,45]. This divergence is consistent with
the close co-movement of access, income and health spending in China over the sample
period, and does not imply that these factors are unimportant. The results also complement
the Chinese quasi-experimental evidence, which links coal-based heating to lower life ex-
pectancy [25,26] and documents health gains from clean heating programs [28,29]. The
present estimates extend this evidence from place-specific heating policies to the national
cooking transition. The null health effect of improved stoves reported by Hanna [39] is con-
sistent with the interpretation that the associations estimated in this study reflect sustained
fuel switching rather than the distribution of cooking hardware.

Notably, the analysis in this study supports three levels of inference, each resting on
progressively weaker evidence. At the first level, the estimates document a stable long-
run statistical relationship: access to clean fuels and technologies is cointegrated with the
mortality outcomes, and the FMOLS, CCR, and DOLS coefficients agree in sign, significance,
and magnitude. At the second level, household air pollution emerges as the most plausible
mechanism, given that the access indicator captures cooking fuels and that the association
is strongest for infants, who face the greatest exposure to indoor smoke. The model does
not test this mechanism directly, however. At the third level, identifying a causal effect of
the kind needed to evaluate specific policies would require exogenous variation in access to
clean fuels and technologies, which national time-series data cannot provide. Accordingly,
the calculations below describe the mortality change implied by the long-run association
rather than the effect of any intervention.

Because all variables are measured in natural logarithms, the access coefficients can be
read directly as long-run elasticities. The ratio of the new to the initial level of an outcome
therefore equals the ratio of new to initial access to clean fuels and technologies raised
to the power of the estimated coefficient, with other regressors held constant. Over the
full sample period, access to clean fuels and technologies rose from 40.3 percent in 2000
to 88.7 percent in 2023. These are ceteris paribus implications of the association rather
than attributable effects, because access to clean fuels and technologies co-moved with
income, health expenditure, and education throughout the period. Converting them into
numbers of deaths would additionally require multiplying each rate change by the number
of live births.

Throughout the paper, mortality burden denotes these implied proportional changes
in mortality, not a monetary cost. Framing the relationship in this way leaves it ready to be
paired with program cost data in future cost-effectiveness analyses, but the present study
performs no such valuation and offers no conclusions about the economic efficiency of
specific interventions or about regional variation in benefits.

6. Conclusions

This study examined the long-run relationship between energy poverty, proxied by
access to clean fuels and technologies for cooking, and three health outcomes in China
between 2000 and 2024. Using FMOLS, CCR and DOLS, it finds that access to clean fuels
and technologies has a significant negative long-run association with infant and under-
five mortality across all three estimators. A 1 percent increase in access to clean fuels
and technologies corresponds to long-run declines of about 2.1 percent in infant mortality
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and 1.9 percent in under-five mortality. Access to clean fuels and technologies also has
a significant positive association with life expectancy, but this association is considerably
smaller. These associations remain significant after controlling for education, fertility, health
expenditure and economic growth, while the health expenditure and growth coefficients
are weaker and less stable across estimators. The results therefore indicate that access to
clean fuels and technologies for cooking is closely associated with improvements in child
survival in China and should be treated as a health-relevant objective of energy policy.

The findings are relevant beyond China because the clean cooking transition that China
has largely completed remains incomplete in much of the developing world. About 2.3 bil-
lion people still cook with polluting fuels, and household air pollution causes an estimated
3.2 million deaths a year, including 237,000 children under five [15]. China is one of the
few national cases in which clean fuels and technologies for cooking access expanded from
a minority to a large majority of the population within about two decades. Its long-run
elasticities therefore provide a benchmark for countries at earlier stages of the same tran-
sition, particularly in sub-Saharan Africa and South Asia, where the concentration of the
association in early-life mortality suggests the largest potential health returns. These elastic-
ities should not, however, be transferred mechanically, because China’s transition occurred
alongside rapid income growth and large investment in gas and electricity infrastructure.
Applying the same framework to other countries with long national time series would test
whether the outcome-specific pattern identified here generalizes.

Three implications follow for China’s clean energy transition and rural revitalization
strategy. First, the access to clean fuels and technologies margin remains significant across
all three estimators after controlling for every covariate in the mortality equations, which
supports prioritizing the completion of clean fuel access in the residual energy-poor regions.
These estimates do not, however, establish that clean fuel access yields greater health gains
than additional healthcare expenditure, because such a comparison requires program cost
data beyond the scope of this study. The concentration of residual deprivation in the
western and less-developed regions suggests that the final segment of access expansion can
be geographically targeted. Second, the primary education result, negative and significant
in both mortality equations, is consistent with a complement rather than a substitute: energy
access and education appear to operate through different channels, which suggests that
pairing clean fuel rollout with schooling and human capital investment in the same counties
may be beneficial, although the present specification does not test their interaction. Third,
the fragility of the health expenditure and growth coefficients is a warning against treating
energy poverty as a by-product of general development that growth will resolve on its own.
Over the sample period, growth did not independently close the mortality gap once access
was controlled, which supports treating clean fuel access as a distinct policy objective under
SDG 7 rather than as a dividend of SDG 8.

This study has several limitations. First, the estimates are long-run associations within
one country and cannot eliminate omitted variable bias or identify the micro-level behavioral
pathways through which access affects health. Second, the estimates are long-run elasticities
and should not be extrapolated to short-horizon evaluation. Third, the access indicator
bundles natural gas, liquefied petroleum gas and electricity, so the analysis cannot separate
the mortality effect of each fuel. Fourth, the indicator covers cooking only and does not
capture space heating or ambient pollution from coal use in power and industry. Fifth, the
short national time series does not allow the effects of urbanization to be separated from
those of access. Finally, the national aggregation conceals regional differences in energy
poverty and mortality. Future research using provincial or household panel data could
address these limitations and produce region-specific estimates.
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