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THE IMPACT OF INDUSTRIAL CO,
EMISSIONS ON PM25 AIR
POLLUTION IN CENTRAL ASIAN
COUNTRIES: A PANEL DATA
ANALYSIS

Abstract

Central Asian countries face acute air quality challenges, with PM2.5 concentrations
in major cities exceeding World Health Organization guidelines several times over,
while industrial CO, emissions continue to rise alongside economic development.
Understanding the empirical linkage between these pollutants is essential for design-
ing integrated environmental policies. The purpose of this study is to assess the impact
of industrial CO, emissions on PM2.5 air pollution in five Central Asian countries —
Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistan - using balanced
panel data for the period 2000-2020 (N = 105) obtained from the World Bank’s World
Development Indicators. Pooled OLS, fixed effects, and random effects estimators were
applied, with GDP per capita, urbanization, and energy intensity as control variables.
Model selection was based on the Hausman test, and robustness was verified through
ten alternative specifications. The random effects model (Hausman y2 = 0.412, p =
0.521) reveals a statistically significant positive relationship: a one million metric ton
increase in industrial CO, emissions is associated with a 0.87-0.89 pg/m” rise in mean
annual PM2.5 concentration (p < 0.01). The coeflicient remains stable across all robust-
ness checks (0.823-0.923). GDP per capita shows a significant negative effect (-1.92,
p < 0.05), supporting the Environmental Kuznets Curve hypothesis, while energy in-
tensity has a positive effect (p < 0.05). Country-specific effects reveal substantial het-
erogeneity, with Tajikistan exhibiting the highest baseline PM2.5 (+26.25 ug/m?above
Kazakhstan) and Turkmenistan the lowest (+7.49 pg/m®). These findings confirm the
co-pollutant hypothesis and justify integrated climate-air quality policies with coun-
try-specific strategies.

Keywords PM2.5, CO, emissions, air pollution, panel data, Central
Asia, environmental policy
JEL Classification €23, Q53, Q54, 013

INTRODUCTION

The increase in CO, emissions is one of the primary drivers of global
climate change. This process leads to the degradation of air, water, soil,
and biological systems, exerting severe negative impacts on the social
and economic life of society. In parallel, the worsening of atmospheric
pollution - particularly the concentration of fine particulate matter
(PM2.5) - has emerged as one of the most pressing environmental
challenges of the twenty-first century, threatening global environmen-
tal sustainability and public health.

CO, emissions are primarily generated by industrial production, en-
ergy generation, transportation, and extractive industries. These con-
tribute to the rising concentration of greenhouse gases in the atmo-
sphere. This, in turn, leads to increased global temperatures, changes
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in climate patterns, more extreme weather events, and deteriorating air quality indicators. From this
perspective, the increase in CO, emissions is closely linked not only to global climate change but also to
local air pollution challenges, including the rise in PM2.5 concentrations. This issue is especially acute
for developing countries, where industrialization is accelerating, and carbon-intensive energy sources
remain dominant.

The rise in PM2.5 concentration has severe adverse effects on human health. Fine particulate matter
penetrates deep into the respiratory system, contributing to asthma, bronchitis, pneumonia, reduced
lung function, and an elevated risk of lung cancer. PM2.5 also constricts blood vessels, raises blood
pressure, and accelerates blood clotting, thereby increasing the risks of heart attacks, heart failure, and
strokes. Scientific evidence further indicates that PM2.5 particles can reach the brain, intensifying in-
flammatory processes and raising the risk of dementia and depression. Children are particularly vul-
nerable, as exposure slows lung development, weakens the immune system, and negatively affects fe-
tal growth. Overall, elevated PM2.5 reduces labor productivity, increases healthcare expenditures, and
shortens life expectancy.

From the perspective of environmental economics, CO, emissions are viewed as a negative exter-
nality arising from economic activity. Under market conditions, producers make decisions based
on their private costs, while the damage caused to the environment - that is, the social costs - is
often not taken into account. This leads to excessive carbon emissions and the disruption of eco-
logical balance. The scientific problem, therefore, lies in the absence of robust empirical evidence
on how industrial CO, emissions shape air quality - specifically PM2.5 concentrations - in devel-
oping regions where carbon-intensive industries coexist with weak pollution control mechanisms.
Central Asia represents precisely such a region: despite facing some of the highest PM2.5 levels in
the world and rapidly expanding industrial activity, it remains largely overlooked in the environ-
mental economics literature, leaving a critical gap in the empirical foundation required to synchro-
nize climate mitigation efforts with local air quality management in transition economies.

1. LITERATURE REVIEW

(iv) the influence of energy consumption patterns
and renewable energy transition.
The interrelationship between carbon dioxide

(CO,) emissions and air quality has emerged
as one of the most extensively investigated top-
ics in environmental economics over the past
three decades. As global climate change inten-
sifies and atmospheric pollution continues to
threaten environmental sustainability, scholarly
interest in the co-pollutant nexus has expanded
considerably. Existing research can be broadly
organized into four interrelated strands:

(i) the Environmental Kuznets Curve (EKC)
framework applied to particulate pollution;

(ii) the empirical co-benefits between CO, mitiga-
tion and PM2.5 reduction;

(iii) the role of urbanization and socioeconomic
drivers; and
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Each of these strands offers valuable insights, yet
significant gaps remain regarding the regional
specificity of the CO, - PM2.5 relationships.

The theoretical foundation of most empirical stud-
ies in this field rests on the EKC hypothesis, which
posits an inverted U-shaped relationship between
economic growth and environmental degrada-
tion, with pollution levels initially rising with in-
come before declining beyond a certain develop-
ment threshold (Grossman & Krueger, 1991, 1995;
Panayotou, 1997; Stern, 2004). The applicability of
this framework to PM2.5 pollution has been con-
firmed in several Chinese studies, where inverted
U-shaped patterns between income and particu-
late matter concentrations have been documented
at both the regional and city levels (Hao & Liu,
2016; Ding et al., 2019; Chang et al., 2022). Cross-
country evidence further suggests that urbaniza-
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tion initially exacerbates PM2.5 emissions but
eventually contributes to their reduction as coun-
tries achieve higher development stages (Dong et
al.,, 2020; Qodirov et al., 2024). Taken together,
these findings lend empirical credibility to the
EKC framework while underscoring the impor-
tance of country- and region-specific validation.

A growing body of literature has explored the
co-benefits between CO, emission reduction and
air quality improvement, demonstrating that cli-
mate mitigation policies often deliver substantial
secondary gains in terms of reduced particulate
pollution. Using Input-Output Analysis and grid-
ded spatial data, scholars have identified strong
correlations between CO, reduction policies and
air quality outcomes in major Chinese urban ag-
glomerations, particularly Beijing-Tianjin-Hebei,
the Yangtze River Delta, and the Pearl River Delta
(Yang et al., 2016; Li et al.,, 2020). More recent
evidence applying spatiotemporal and machine-
learning techniques has confirmed that industrial
emissions, vehicle exhaust, and coal combustion
represent the primary common sources of both
pollutants, with reductions in industrial activity
generating the largest synergistic effects (Chung &
Liu, 2024; Cai et al., 2024; Xu et al., 2025). Global-
scale analyses covering thousands of urban areas
have shown that more than half of cities world-
wide exhibit positive correlations across CO, and
PM2.5 pairs, although the direction and magni-
tude vary systematically with income level and en-
vironmental policy stringency (Kim et al., 2025).
Interestingly, a study of 186 countries identified
a negative correlation between CO, and PM2.5 at
the global level, attributable to heterogeneity in
energy mixes — oil and natural gas consumption
weakens the positive link, while coal intensifies it
(Wu et al, 2025). These divergent findings high-
light that the CO,-PM2.5 relationship is highly
context-dependent and cannot be generalized
across development stages or energy regimes.

The socioeconomic determinants of PM2.5 con-
centrations have been systematically examined
using various panel data techniques. Evidence
drawn from large cross-country samples indi-
cates that urbanization, income, and service sec-
tor development exert significant influences on
particulate pollution, with the magnitude of these
effects varying markedly across development cat-

http://dx.doi.org/10.21511/ee.17(3).2026.04
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egories (Wang et al.,, 2019; Ji et al., 2018). In de-
veloping economies specifically, a 1% increase in
energy use, economic growth, industrialization,
and urbanization has been associated with cor-
responding increases in CO, emissions ranging
from 0.17% to 2.32% (Sikder et al., 2022). Regional
studies of South Asian economies have likewise
identified statistically significant cointegrating
relationships between PM2.5 concentrations and
key macroeconomic indicators (Musa et al., 2024).
Complementary evidence from Uzbekistan con-
firms that economic growth, energy consump-
tion, and trade openness are central drivers of
environmental outcomes in transition economies
(Halmuratov et al., 2025a, 2025b; Yulduz et al,,
2025; Xolmuratov et al., 2025). Collectively, this
literature establishes that PM2.5 dynamics are
shaped by a complex interplay of economic, demo-
graphic, and structural factors that operate differ-
ently across countries.

Energy consumption patterns and the transi-
tion toward renewable sources constitute another
critical dimension of the CO,-air quality nexus.
Panel cointegration and regional analyses consis-
tently show that renewable energy adoption and
energy-sector innovation reduce emission lev-
els and improve air quality, while non-renewable
energy consumption produces the opposite effect
(Zoundi, 2017; Alvarez-Herranz et al., 2017; Chen
et al., 2019; Inglesi-Lotz & Dogan, 2018). Evidence
from Uzbekistan reinforces this finding, indicat-
ing that renewable energy consumption has fa-
vorable effects on export performance, employ-
ment, and broader macroeconomic outcomes
(Xolmurotov et al., 2025a, 2025b; Nurjanov et al.,
2025). Forward-looking simulations for Europe
project that aggressive climate mitigation scenar-
ios could reduce population-weighted PM2.5 con-
centrations by more than half by mid-century rel-
ative to 2014 baselines (Clayton et al., 2024). These
studies collectively suggest that energy transition
policies can serve as a unified lever for simultane-
ously addressing climate change and air pollution.

Despite the extensive body of research reviewed
above, Central Asia remains strikingly under-
represented in the environmental economics lit-
erature. The World Bank’s (2024) comprehensive
regional assessment revealed that PM2.5 con-
centrations in major Central Asian cities exceed

o)



Environmental Economics, Volume 17, Issue 3, 2026

WHO guidelines by six to twelve times, with
50-80% of total exposure attributable to anthro-
pogenic sources amenable to policy intervention.
Nevertheless, no study has yet applied a systematic
panel data framework to quantify how industrial
CO, emissions shape PM2.5 concentrations across
all five Central Asian republics over a prolonged
period. This represents a significant empirical
and policy gap, given the region’s acute air quality
challenges, its ongoing industrial expansion, and
its heavy reliance on fossil-fuel-intensive produc-
tion (WHO, 2021; World Bank, 2024).

In summary, the existing literature provides robust
evidence that CO, and PM2.5 emissions are linked
through common anthropogenic sources and that
this relationship is moderated by income, urbaniza-
tion, energy mix, and institutional capacity. However,
the magnitude and even the direction of the CO,-
PM2.5 nexus vary considerably across regions, mak-
ing country- and region-specific evidence indispens-
able for effective environmental policy design. The
absence of dedicated panel data evidence for Central
Asia, therefore, constitutes a meaningful research
gap that this study seeks to fill.

Against this background, the purpose of this study is
to assess the impact of industrial CO, emissions on
PM2.5 air pollution in five Central Asian countries
- Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan,
and Uzbekistan - using panel data covering the pe-
riod 2000-2020. To achieve this purpose, the follow-
ing hypotheses are formulated and tested:

HI:  Industrial CO, emissions exert a statistically
significant positive effect on PM2.5 concen-
trations in Central Asian countries.

H2: GDP per capita is negatively associated with
PM2.5 concentrations, consistent with the
Environmental Kuznets Curve hypothesis.
H3: Energy intensity is positively associated with
PM2.5 concentrations, reflecting the adverse
environmental consequences of energy-inef-
ficient production.

H4: Baseline PM?2.5 levels vary significantly
across Central Asian countries due to differ-
ences in geographic, economic, and structur-
al conditions.
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2. METHODS

This study employs balanced panel data cover-
ing five Central Asian countries — Kazakhstan,
Kyrgyzstan, Tajikistan, Turkmenistan, and
Uzbekistan - over the period 2000-2020, yield-
ing 105 country-year observations. All variables
were obtained from the World Bank’s World
Development Indicators database (World Bank,
2025), a widely recognized source of internation-
ally comparable development statistics. The study
period ends in 2020 to exclude the structural
break caused by COVID-19-related disruptions
to industrial production and mobility, which tem-
porarily altered both CO, and PM2.5 patterns in
ways that do not reflect the underlying long-run
relationship (Forster et al., 2020; Helm, 2020;
Hepburn et al., 2020). The 21-year window pro-
vides sufficient temporal variation to capture the
structural co-pollutant nexus under normal eco-
nomic conditions.

The dependent variable is PM2.5 - the mean an-
nual population-weighted exposure to fine par-
ticulate matter with an aerodynamic diameter be-
low 2.5 micrometers, measured in micrograms per
cubic meter (ug/m?). The key explanatory variable
is industrial CO, emissions, measured in million
metric tons of CO, equivalent (Mt CO,e). Three
control variables are included: GDP per capita in
constant 2015 year US dollars (proxying economic
development), urban population as a share of total
population (capturing urbanization), and energy
use per USD 1,000 of GDP (representing energy
intensity). Descriptive statistics for all variables
are presented in Table 1.

The empirical analysis follows a four-step proce-
dure. First, pairwise correlations and variance in-
flation factors are computed to examine potential
multicollinearity among regressors. Second, the
Pesaran (2007) cross-sectionally augmented IPS
(CIPS) panel unit root test is applied to verify the
stationarity of all variables and avoid spurious re-
gression. Third, three panel estimators - pooled
OLS, fixed effects (FE), and random effects (RE)
— are estimated, and the appropriate model is se-
lected using the Hausman (1978) specification test.
Fourth, diagnostic tests are conducted for cross-
sectional dependence (Pesaran, 2004), heteroske-
dasticity (Modified Wald test), and serial correla-

http://dx.doi.org/10.21511/ee.17(3).2026.04



Table 1. Descriptive statistics
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Variable Mean Median

Std. Dev.

_PM2.5 (pg/m’)

Energyint

tion (Wooldridge, 2010), and robustness is verified
through ten alternative specifications.

The baseline empirical model is specified as follows:

PM25, =a,+ p,CO2, + B, In(GDPpc),
+BUrban, + B,Energylnt, + 4, + &,

©)

where PM2.5, denotes the concentration of fine
particulate matter in country i at time f, «, cap-
tures country-specific effects, A, represents time
fixed effects controlling for common tempo-
ral shocks, and g, is the idiosyncratic error term.
The pooled OLS estimator assumes homogeneity
across cross-sectional units and is consistent on-
ly when country-specific effects are absent or un-
correlated with the regressors (Wooldridge, 2010).
The fixed effects estimator allows correlation be-
tween unobserved country-specific effects and the
explanatory variables and yields consistent esti-
mates via within-transformation even when this
correlation is nonzero (Baltagi, 2021). The random
effects estimator treats country-specific effects as
uncorrelated random draws and is more efficient
than FE when the orthogonality assumption holds
(Hsiao, 2014). The Hausman (1978) test is used to
discriminate between FE and RE: failure to reject
the null hypothesis indicates that RE is both con-
sistent and efficient, while rejection favors FE.

Given the potential presence of heteroskedastic-
ity and cross-sectional dependence arising from
shared regional shocks among Central Asian econ-
omies, cluster-robust standard errors are employed
throughout the estimation. To further ensure the re-
liability of the findings, robustness is assessed using:

(i) alternative standard error specifications
(Driscoll-Kraay and bootstrap with 1,000
replications);

(ii) alternative model specifications (baseline

without controls, specification with country-

http://dx.doi.org/10.21511/ee.17(3).2026.04

specific time trends, and feasible generalized
least squares);

(iii) subsample analysis for the periods 2000-2010
and 2011-2020; and

(iv) outlier analysis excluding observations with
standardized residuals exceeding +2.5 in ab-
solute value.

All estimations are performed in Stata 17. The four
hypotheses (HI-H4) are empirically tested us-
ing the coeflicients of Equation (1) and the coun-
try-specific fixed effects obtained from the FE
estimation.

3. RESULTS

Prior to the econometric estimation, pairwise cor-
relations among the variables were examined to
obtain preliminary insights into their relation-
ships. Table 2 presents the correlation matrix for
all variables included in the analysis.

The correlation analysis reveals that CO, emis-
sions exhibit a positive and statistically significant
correlation with PM2.5 concentrations (r = 0.412,
p < 0.01). GDP per capita shows a negative corre-
lation with PM2.5 (r = -0.287, p < 0.05). Energy
intensity is positively correlated with both CO,
emissions (r = 0.478, p < 0.01) and PM2.5 concen-
trations (r = 0.345, p < 0.01). The correlation coeffi-
cients among explanatory variables remain below
0.70, indicating that multicollinearity is unlikely
to pose a severe problem in the regression analysis
(Xolmuratov et al., 2025).

To ensure the validity of panel regression analysis
and avoid spurious regression, the Pesaran (2007)
cross-sectionally augmented IPS (CIPS) panel unit
root test was conducted. Table 3 reports the test re-
sults for all variables at levels and first differences.

53



Environmental Economics, Volume 17, Issue 3, 2026

Table 2. Correlation matrix

Variable PM2.5 co, GDPpc Urban Energylnt
GDPpC B e 1000
rban 7015 038 OB e 1000
Energyint : 0.345%** 0.478%** : ~0.223%* : -0.145 : 1.000

Note: ¥**, ** * denote statistical significance at 1%, 5%, and 10% levels, respectively.

Table 3. Panel unit root test results (CIPS test)

i First Order of
Variable Level . H .

Difference : Integration
PM25, 28U T )
o, ~2.634° i O
.GbPpe 71845 -3.9127 @)
In(GDPpc) 72578 - 0
Urban, T2A12%Y - i O)
Energyint —2.756%** - 1(0)

Note: Critical values at 1%, 5%, and 10% significance levels
are —2.57, —2.33, and —2.21, respectively. ***, ** * denote
rejection of the null hypothesis of unit root at 1%, 5%, and
10% levels.

The CIPS test results indicate that PM2.5, CO,,
Urban, and Energylnt are stationary at levels, i.e.,
integrated of order zero, I(0). While GDPpc in lev-
els appears to contain a unit root, its natural loga-
rithm transformation is stationary. Consequently,
the logarithmic transformation of GDP per cap-
ita (In(GDPpc)) was employed in the regression
models.

Given the geographic proximity and shared eco-
nomic characteristics of Central Asian countries,
cross-sectional dependence may arise from com-
mon regional shocks. Table 4 presents the results
of the Pesaran (2004) CD test.

Table 4. Cross-sectional dependence test results

Test | Statistic | p-value | Decision
PesaranCD 1847 10065 . FailtorejectH,
~Breusch-Pagan LM 18.234 10.052 Fail torejectH,

Pesaran Scaled LM 1.923 0.054 i FailtorejectH

Note: HO: No cross-sectional dependence.

The test results indicate failure to reject the null
hypothesis of cross-sectional independence at

Table 6. Serial correlation test results

the conventional 5% significance level across all
three tests. The Pesaran CD statistic of 1.847 (p =
0.065) suggests weak evidence of cross-sectional
dependence.

Groupwise heteroskedasticity was tested using
the modified Wald test in the fixed effects model.
Table 5 presents the results.

Table 5. Heteroskedasticity test results

Test
Modified Wald

X2 Statistic | df | p-value A Decision

24.67 . 5 . 0000 : RejectH,

Note: HO: 0;2 = 02 for all i (homoskedasticity).

The modified Wald test strongly rejects the null hy-
pothesis of homoskedasticity (x* = 24.67, p < 0.001),
indicating the presence of groupwise heteroske-
dasticity across countries. The Wooldridge (2010)
test for first-order autocorrelation in the panel data
was also employed. Table 6 reports the test results.

The Wooldridge test fails to reject the null hypoth-
esis of no first-order autocorrelation (F = 3.412, p =
0.138). Table 7 presents the variance inflation fac-
tor (VIF) values for all explanatory variables.

Table 7. Multicollinearity diagnostics (VIF)

Variable VIF : 1/VIF (Tolerance)
co, : 1.82 : 0.549
In(GbPpe) 214 0.467
Urban o BT 0.599
Energylint 1.53 0.654
MeanVIF 179 : -

Note: VIF > 10 indicates severe multicollinearity.

All VIF values are substantially below the conven-

tional threshold of 10, with the mean VIF of 1.79.

Test F-Statistic

p-value Decision

Wooldridge 3.412

0.138 Fail to reject H_

Note: HO: No first-order autocorrelation.

o4

http://dx.doi.org/10.21511/ee.17(3).2026.04



Table 8. Summary of diagnostic tests
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Issue Test Result Implication
NIEROO s cIPs .Variables are I(0) | . Standard panel methods valid
Pesaran CD Not significant Standard errors valid
Heteroskedasticity ... Modified Wald ....present . .Userobuststandarderrors
Autocorrelation . ... \Wooldridge ...Notsignificant ...Nocorrection needed
Multicollinearity : VIF Mean =1.79 No concern

The tolerance values (1/VIF) all exceed 0.40. Table
8 summarizes the diagnostic test results and their
implications for model specification.

Based on the diagnostic test results, panel regres-
sion estimation was conducted using heteroske-
dasticity-robust (clustered) standard errors. Table
9 presents the estimation results from three panel
regression models: pooled OLS, fixed effects (FE),
and random effects (RE). All models include the
full set of control variables and employ cluster-ro-
bust standard errors.

Table 9. Panel regression results: CO, emissions
and PM2.5 concentration

. . Random
Variable Pooled OLS : Fixed Effects
Effects
(1) (2) [N
- ©-0372 1 0.891FF* 1 0.867***
2 i (0.245) (0.157) i (0.162)
i -2.145%* -1.876%* 1 —1.923%*
In(GDPpc) - - e
B (0.867) (0.745) ......10.756)
0.089 -0.124 i -0.098
(0.078) (0.095) i (0.087)
0.015%* 0.012* i 0.013**
Energylnt ” v dre
(0.006) (0.007) (0.006)
35.672%** 42.345%%* 1 40.128%**
Constant ” - R
S 823 L (7456) (7.689)
Country FE i No Yes ‘ -
Time FE o No i Yes e
Observations 105 : 105 : 105
A ...0.234 0918 L0412
R? (within) - 0.456 0.448
R? (between) - 0.934 ‘ 0.926
Frstafistic 78977 284S T
Wald x? - - 89.67***

Note: Cluster-robust standard errors in parentheses. ***, **,
* denote statistical significance at 1%, 5%, and 10% levels, re-
spectively.

The pooled OLS model yields a negative and
statistically insignificant coefficient for CO,
(-0.372, p > 0.10). In contrast, both the FE and
RE models produce positive and highly signifi-
cant coefficients for CO, emissions (0.891 and

http://dx.doi.org/10.21511/ee.17(3).2026.04

0.867, respectively, both p < 0.01). The explana-
tory power improved substantially from Pooled
OLS (R? = 0.234) to FE (R? = 0.918). The within-
R? of 0.456 in the FE model indicates that CO,
emissions and control variables explain ap-
proximately 46% of the within-country varia-
tion in PM2.5 concentrations over time. To for-
mally select between the FE and RE models, the
Hausman (1978) specification test was conduct-
ed. Table 10 presents the test results.

Table 10. Hausman specification test results

: Coefficients Difference
Variable : - S.E.
¢ (FE) B_FE : (RE) B_RE : (B_FE—-B_RE)
co, : 0.024 :
In(GDPpc) | v
Urban . -0.124 A .
Energylnt P R e
Test Statistic Value
X'(4) 0.412
pva|ue ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ oy
Decmon ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ . o rejec“t”ﬁ; .......................

Note: HO: Difference in coefficients is not systematic (RE is
consistent and efficient).

The Hausman test yields a chi-squared statistic of
0.412 with a p-value of 0.521, indicating failure
to reject the null hypothesis at conventional sig-
nificance levels. Consequently, the random effects
model is preferred as it is both consistent and effi-
cient under these conditions.

Table 11 reports the estimated country-specific
fixed effects from the FE model, revealing sub-
stantial heterogeneity in baseline PM2.5 levels
across Central Asian countries.

Tajikistan exhibits the highest fixed effect (26.246),
while Turkmenistan displays the lowest fixed ef-
fect (7.486). Next, Table 12 presents the RE
model estimates with alternative standard error
specifications.
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Table 11. Country-specific fixed effects

Country Fixed Effect (o) Std. Error Interpretation
Kazakhstan (ref) . 0.000 = .......Reference category
Kyrgyzstan 13.764*** 1.632 +13.76 pg/m? above Kazakhstan
Tajiistan 26.206%" 1561 +26.25 g/’ above Kazakhstan |
Jurkmenistan 7486™* 1.487 _¥7.49 pg/m’ above Kazakhstan
Uzbekistan 16.123*** 1.055 i +16.12 pg/m? above Kazakhstan

Note: *** denotes statistical significance at 1% level. Kazakhstan serves as the reference category.

Table 12. Robustness check: Alternative standard
error specifications

mains statistically significant at the 1% level in
both subperiods.

Cluster— Driscoll- Bootstrap Table 14. Robustness check: Subsample analysis
Variable Robust Kraay
(1) (2) : (3) Variable  Full Sample | 2000-2010 @ 2011-2020
o O.8§7*** O.8§7*** : . Qf§67*** : (2000-2020) :
e (0.162) (0.178) (0.155) o 0.867*** 0.912%**
— —1.923%* —1.923%* —1.923%* 2 (0.162) (0.198)
p (0.756) (0.812) (0.734) G ~1.923%* ~2.145%*
b -0.098 -0.098 -0.098 n(GDPPc) (0.756) (0.912)
(0.087) (0.095)  (0.082) _Observations 1105 55
0.013** 0.013* 0.013** R? (within)  :0.448 £0.467
Energylnt o o
(0.006) (0.007) (0.006)

Note: ***, ** * denote statistical significance at 1%, 5%, and
10% levels. Bootstrap standard errors based on 1,000 replica-
tions.

Table 13 examines the sensitivity of results to al-
ternative model specifications (Driscoll & Kraay,
1998). The CO, coefficient remains positive, statis-
tically significant at the 1% level, and stable across
all specifications, ranging from 0.834 to 0.923.

Table 13. Robustness check: Alternative model
specifications

' Baseline Without V\.hth
. H ; i Time FGLS
Variable RE i Controls
: ¢ Trends
W @ B @
0.867*** i (0.923*** i (.834*** i (.878***

0.145)

(0078)
0.013** - 0.011* = 0.014**

R? / Wald ¥

i 156.78%**

Note: *** ** * denote statistical significance at 1%, 5%, and
10% levels.

Table 14 presents the results for two subperiods
to examine temporal stability. The coeflicient re-

96

Note: *** ** * denote statistical significance at 1%, 5%, and
10% levels. Random effects model with cluster-robust stan-
dard errors.

Table 15 presents results after excluding observa-
tions with standardized residuals exceeding +2.5.
The exclusion of four outlying observations yields
a coeflicient estimate of 0.845, differing from the
full-sample estimate by only 2.5%.

Table 15. Robustness check: Outlier analysis

Variable . Full Sample | Excluding Outliers
CO, Coefficient 08677 oAt
Standard Error (0.162) (0.154)
Observations 105 B
Outliers Excluded - 4
R? (within) 0448 0462

Note: *** denotes statistical significance at 1% level. Four ob-
servations with |standardized residual| > 2.5 were excluded.

Table 16 summarizes the CO, coefficient estimates
across all robustness specifications. Across all ten
specifications examined, the CO, coefficient rang-
es from 0.823 to 0.923, with a mean of 0.866 and
a standard deviation of only 0.032. All coefficients
are statistically significant at the 1% level, and the
95% confidence intervals consistently exclude zero.

Based on the estimation results presented above, all

four hypotheses formulated in this study are em-
pirically tested. Table 17 summarizes the outcomes.

http://dx.doi.org/10.21511/ee.17(3).2026.04
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Table 16. Summary of CO, coefficient estimates across specifications

Specification CO, Coefficient 95% Cl Significant

Baseline RE 0.867 [0.550, 1.184] : Hoxk
oot ossaasy e
Driscoll-Kraay SE . 0.867 [0.518,1.216] e
Bootstrap SE 0.867 [0.563, 1.171] xRk
WitouContls osse 1o e
Wwith TimeTrends 03834 [0.505,1.163] B
oS 0878 [0.594,1.162] B
.Subperiod 20002010 R [0.524,1.300] B
Subperiod 2011-2020 0.823 [0.456, 1.190] R
Excludmg S Saie [01543,;,‘1.147] . e

Note: *** denotes statistical significance at 1% level. Cl = Confidence Interval.

Table 17. Summary of hypotheses testing results

Hypothesis Statement

Key Evidence Result

H1

CO2 emissions —» positive effect on PM2.5

f=0.867 p<0.01;

stable across 10 spe‘;‘iﬁcaﬁons (O.823—O.92§  Confirmed

GDP per capita - negative effect on

12.5 (EKC)

Energyintensi‘g ?posi‘n’ve effecfc” PM2.5

:Significant cross-country heterogeneity in baseline PM2.5:Fixed effects from +7.49 to +26.25 pg/m3, all p < 0.

 Confirmed

Note: All coefficients are from the random effects model with cluster-robust standard errors, except H4, which is based on

country-specific fixed effects from the FE estimation.

H1 is confirmed. The coefficient on CO, emissions
in the preferred random effects model is 0.867 (p
< 0.01), indicating that a one million metric ton
increase in industrial CO, emissions is associat-
ed with a 0.87 pg/m’ rise in mean annual PM2.5
concentration. The estimate remains positive and
significant at the 1% level across all ten robust-
ness specifications (range: 0.823-0.923), providing
strong support for the co-pollutant hypothesis.

H2 is confirmed. The coefficient on In(GDPpc) is
-1.923 (p < 0.05) in the random effects model, imply-
ing that higher levels of economic development are
associated with lower particulate pollution, ceteris
paribus. The negative sign and statistical signifi-
cance persist across the fixed effects model (-1.876,
p < 0.05) and all alternative specifications, consistent
with the declining segment of the Environmental
Kuznets Curve.

H3 is confirmed. The coefficient on Energylnt is
0.013 (p < 0.05) in the random effects model, in-
dicating that a one-unit increase in energy use per
USD 1,000 of GDP raises PM2.5 concentration by
0.013 pg/m”. The effect retains its positive sign and
statistical significance (at least at the 10% level) in
all robustness checks, confirming that energy-in-

http://dx.doi.org/10.21511/ee.17(3).2026.04

efficient production structures contribute to par-
ticulate pollution.

H4 is confirmed. The country-specific fixed effects
reported in Table 11 are all statistically significant
at the 1% level and reveal substantial heteroge-
neity: relative to Kazakhstan (reference catego-
ry), baseline PM2.5 is higher by 26.25 pg/m?® in
Tajikistan, 16.12 ug/m?® in Uzbekistan, 13.76 pg/m’
in Kyrgyzstan, and 749 pg/m’ in Turkmenistan.
This confirms that geographic, economic, and
structural differences generate significantly differ-
ent baseline pollution levels across the region.

4. DISCUSSION

The empirical results of this study offer several im-
portant insights into the relationship between in-
dustrial CO, emissions and PM2.5 air pollution in
Central Asia.

The central finding - that a one million metric ton
increase in industrial CO, emissions is associated
with a 0.87-0.89 pg/m’ rise in mean annual PM2.5
concentration — confirms HI and provides strong
empirical support for the co-pollutant hypothesis in
the Central Asian context. The magnitude of this ef-
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fect is economically meaningful: given that the re-
gional average PM2.5 concentration (26.07 pg/m?)
already exceeds the WHO guideline of 5 pg/m® by
more than fivefold, even modest increases driven by
industrial emissions translate into substantial pub-
lic health consequences. Importantly, the stability of
the coefficient across ten alternative specifications
(range: 0.823-0.923) lends exceptional robustness to
this finding.

When compared with prior research, our estimated
coefficient appears notably larger than those typical-
ly reported for developed economies but consistent
in sign with most developing country studies. Yang
et al. (2016), using Input-Output Analysis for China,
identified significant correlations between CO, re-
duction policies and air quality outcomes but did not
quantify the elasticity in directly comparable terms.
Li et al. (2020), employing gridded data for Chinese
urban agglomerations, found spatial co-location
of CO, and PM2.5 hotspots but estimated weaker
marginal effects, likely reflecting China’s more ad-
vanced pollution control infrastructure. Our higher
coefficient for Central Asia (0.87-0.89) plausibly re-
flects the limited penetration of abatement technolo-
gies, the legacy of Soviet-era heavy industry, and less
stringent environmental regulation across the region.
This interpretation aligns with Chung and Liu (2024),
who demonstrated that the CO,-PM2.5 relationship
is strongly moderated by technological development
and industrial structure.

A particularly interesting contrast emerges with the
findings of Wu et al. (2025), who reported a negative
global correlation between CO, and PM2.5 based on
data from 186 countries. Our positive and highly sig-
nificant coefficient for Central Asia directly contra-
dicts this global pattern, but is fully consistent with
their explanation. Wu et al. (2025) attributed the
negative global correlation to the increasing share of
oil and natural gas in the global energy mix, while
noting that coal-dependent regions exhibit a rein-
forced positive relationship. Central Asia — particu-
larly Kazakhstan and Kyrgyzstan, which rely heavily
on coal - fits precisely into the latter category. Our
results, therefore, do not refute Wu et al’s (2025)
findings but rather confirm that the CO,-PM2.5
nexus is highly heterogeneous across regions and
energy regimes, and that Central Asia represents
a distinct subgroup requiring separate analytical
treatment. A similar conclusion emerges from Kim
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et al. (2025), whose analysis of 13,189 urban areas
worldwide showed that regions undergoing rapid
economic growth record simultaneous increases in
both pollutants — precisely the pattern we observe in
Central Asia.

The negative and statistically significant coeffi-
cient on GDP per capita (-1.92, p < 0.05) confirms
H2 and provides evidence consistent with the
Environmental Kuznets Curve framework in the
Central Asian context. This finding resonates with
the inverted U-shaped patterns documented by Hao
and Liu (2016) in 73 Chinese cities, Ding et al. (2019)
in the Beijing-Tianjin—Hebei region, and Changet al.
(2022) in 284 Chinese cities. However, unlike these
Chinese studies, which observed the downward-
sloping portion of the EKC, our results capture a re-
gion that appears to be transitioning from the rising
to the declining phase of the curve — economic devel-
opment is beginning to deliver air quality dividends,
but the process remains incomplete. This interpreta-
tion is also in line with Dong et al. (2020), who found
that urbanization initially increases PM2.5 but even-
tually contributes to its reduction as countries ad-
vance through development stages.

The positive and marginally significant effect of en-
ergy intensity (0.013, p < 0.05) confirms H3 and rein-
forces the conclusion that energy-inefficient produc-
tion structures are a key driver of particulate pollu-
tion. This result corroborates the findings of Sikder
et al. (2022), who documented that in developing
economies, a 1% increase in energy use elevates CO,
emissions by 0.23%, and aligns with Zoundi (2017)
and Alvarez-Herranz et al. (2017), who showed that
energy-sector innovation and renewable energy
adoption meaningfully improve air quality. The im-
plication is that energy efficiency improvements can
serve as a “double-dividend” policy instrument, de-
livering both economic savings and environmental
benefits simultaneously.

The substantial variation in country-specific fixed
effects confirms H4 and reveals remarkable het-
erogeneity in baseline air quality across the five
Central Asian republics. Tajikistan’s exceptionally
high fixed effect (+26.25 ug/m* above Kazakhstan)
reflects a combination of mountainous topography
that traps pollutants in populated valleys, wide-
spread use of coal and biomass for residential heat-
ing during harsh winters, and limited financial ca-
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pacity to invest in pollution abatement. Conversely,
Turkmenistan’s comparatively lower fixed effect
(+7.49 pg/m®) may be attributed to its sparse pop-
ulation distribution, a natural-gas-dominated in-
dustrial structure that generates fewer particulate
emissions than coal-intensive economies, and at-
mospheric conditions favorable for pollutant dis-
persion. Kazakhstan, despite its larger industrial
base, serves as the reference country with the lowest
baseline pollution due to its more diversified econ-
omy, greater investment in environmental infra-
structure, and lower population density in indus-
trial regions. Uzbekistan occupies an intermediate
position (+16.12 pg/m’), consistent with its mixed
industrial base and moderate urbanization. These
country-specific patterns underscore that uniform
regional environmental policies would be ineffec-
tive — differentiated strategies reflecting each coun-
try’s structural conditions are essential.

The sharp improvement in explanatory power from
pooled OLS (R? = 0.234) to the fixed effects model (R?
= 0.918) deserves particular methodological empha-
sis. The negative and insignificant CO, coefficient
in the pooled OLS specification (-0.372) most likely
reflects severe omitted variable bias, as unobserved
country characteristics — geography, industrial com-
position, regulatory frameworks, and institutional
capacity — are simultaneously correlated with both
CO, emissions and PM2.5 concentrations. This find-
ing carries an important methodological lesson for
future environmental economics research in Central
Asia and comparable regions: ignoring country-spe-
cific heterogeneity can produce not merely biased but
qualitatively misleading results, including reversed
signs. Our finding echoes the cautionary evidence
of Musa et al. (2024) for SAARC economies, where
failure to account for unobserved heterogeneity sub-
stantially distorted the estimated pollution-income
relationship.

Environmental Economics, Volume 17, Issue 3, 2026

From a theoretical standpoint, our results validate
the applicability of both the co-pollutant hypothesis
and the Environmental Kuznets Curve framework
to Central Asia, while highlighting important re-
gional specificities. The co-existence of a strong posi-
tive CO,-PM2.5 link and a negative GDP-PM2.5 re-
lationship suggests that Central Asian countries are
positioned at a critical juncture - the ascending por-
tion of the EKC, where industrial expansion contin-
ues to drive emissions upward, but with growing po-
tential for environmental improvement as develop-
ment deepens and policy frameworks mature. This
interpretation implies that proactive policy interven-
tions can accelerate the region’s transition to the de-
scending phase of the curve, avoiding the prolonged
high-pollution trajectories observed historically in
East Asia.

Several limitations of this study should be acknowl-
edged. First, the use of country-level aggregate data
may mask substantial within-country variation, and
future research employing city- or province-level
data could provide finer-grained insights into the
spatial dynamics of the CO,-PM2.5 nexus. Second,
while the panel approach effectively controls for
time-invariant unobserved heterogeneity, it cannot
fully address potential endogeneity arising from re-
verse causality or time-varying omitted confound-
ers; instrumental variable strategies or natural ex-
periments would strengthen causal identification.
Third, the analysis focuses exclusively on industrial
CO2 emissions, whereas PM2.5 concentrations are
also shaped by transportation, residential heating,
agriculture, and natural dust sources — incorporat-
ing these additional drivers would enrich the under-
standing of air quality determinants in Central Asia.
Despite these limitations, the consistency of the re-
sults across multiple specifications and robustness
checks provides considerable confidence in the va-
lidity of the main findings.

CONCLUSION

The purpose of this study was to assess the impact of industrial CO, emissions on PM2.5 air pollution
in five Central Asian countries — Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistan —
using panel data covering the period 2000-2020. Employing pooled OLS, fixed effects, and random
effects estimators together with a comprehensive set of diagnostic and robustness procedures, the anal-
ysis addressed a significant empirical gap in the environmental economics literature concerning an un-
derrepresented region that nonetheless faces some of the most acute air quality challenges in the world.

http://dx.doi.org/10.21511/ee.17(3).2026.04
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The findings confirm all four hypotheses formulated in the study. Industrial CO, emissions exert a sta-
tistically significant positive effect on PM2.5 concentrations. GDP per capita has a significant negative
effect consistent with the Environmental Kuznets Curve framework. Energy intensity positively influ-
ences particulate pollution. Finally, baseline PM2.5 levels vary substantially across Central Asian coun-
tries. These results remained stable across ten alternative specifications, lending strong confidence to the
underlying co-pollutant relationship.

Several overarching conclusions emerge from these findings. First, the strong co-pollutant link between
industrial CO, and PM2.5 in Central Asia indicates that climate change mitigation and air quality
management are not competing policy objectives, but mutually reinforcing ones - integrated policy
frameworks can therefore deliver simultaneous gains in both domains. Second, the estimated effect for
Central Asia exceeds values typically reported for advanced economies, underscoring the heightened
vulnerability of developing regions where carbon-intensive industries coexist with limited pollution
abatement capacity. Third, the pronounced country-level heterogeneity revealed through the fixed ef-
fects analysis demonstrates that uniform regional policies would be ineffective and that differentiated
strategies tailored to each country’s geographic, industrial, and institutional context are essential for
meaningful progress. Fourth, the methodological comparison between pooled OLS and fixed effects
estimation highlights the critical importance of accounting for unobserved heterogeneity in environ-
mental economics research on developing regions.

Therefore, several policy directions warrant priority attention. Central Asian governments should de-
sign integrated climate-air quality strategies that leverage the co-benefits of industrial decarboniza-
tion. Tajikistan requires targeted interventions addressing residential heating and clean cooking, while
Kazakhstan and Uzbekistan should prioritize industrial emission controls and modernization of energy
infrastructure. The entire region would benefit from coordinated monitoring networks, harmonized
emission standards, and accelerated adoption of renewable energy and energy-efficiency measures.

Future research can build on this paper in several productive directions. First, extending the analysis
with city- or province-level data would reveal spatial dynamics that country-level aggregates inevitably
mask. Second, incorporating post-pandemic observations as validated statistics become available will
allow scholars to test whether the CO,~PM2.5 relationship has fundamentally changed in the after-
math of COVID-19. Third, employing instrumental variable approaches or natural experiments could
strengthen causal identification beyond what panel estimators alone can provide. Fourth, broadening
the set of explanatory variables to include transportation, residential heating, agricultural activities,
and natural dust sources would yield a more comprehensive account of air quality determinants in the
region. Finally, comparative studies linking Central Asia with other post-Soviet or resource-dependent
economies could help identify whether the patterns documented here reflect region-specific conditions
or more general features of transition economies.
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