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Abstract

Balancing economic growth with environmental sustainability remains a serious challenge
for many transition economies. This study analyzes the relationship between economic
growth, service sector expansion, urbanization, and environmental degradation in Uzbek-
istan. Employing yearly temporal series data from 1991 to 2024, the research implements
an autoregressive distributed lag (ARDL) bounds testing methodology to investigate the
short-run and long-run relationships among the variables. Carbon dioxide (CO,) emissions
are used as proxies for environmental degradation, while GDP per capita, service sector
value added, and urban population growth represent key economic and structural factors.
The empirical results show that there is a stable long-run cointegration relationship between
the variables. The findings show that economic growth significantly reduces CO, emissions
in the long run, which supports the Environmental Kuznets Curve (EKC) hypothesis for
Uzbekistan. Conversely, the expansion of the service sector and rapid urbanization are
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portance of sustainable urban development, green economic policies, and the development
of an environmentally friendly service sector in Uzbekistan.
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1. Introduction

Global climate change and the continuous increase in greenhouse gas emissions,
especially carbon dioxide (CO;), have become one of the most serious challenges of
the twenty-first century, with atmospheric CO, concentrations reaching record levels
(IEA, 2023).

As per the EKC framework, ecological decline is usually observed to heighten in the
early stages of economic progress. Subsequently, after a nation attains a certain income
threshold, technological innovation transpires, and consequently, pollution levels com-
mence to diminish owing to efficient environmental governance strategies (Grossman &
Krueger, 1995; Stern, 2004).

Alongside economic advancement, systemic modifications within the economy, has-
tened urbanization, and the proliferation of the service sector constitute significant de-
terminants that directly influence environmental quality. The service sector is frequently
perceived as a “more sustainable” substitute for industry (Zaman et al., 2016). In regions
in the process of development, the expansion of services that depend on energy, involv-
ing transport, logistics, and conventional trade, could magnify environmental concerns
(Halmuratov et al., 2025b; Sadorsky, 2014).

City growth acts as a key force behind rising energy needs, infrastructure develop-
ment, and the surge in carbon outputs linked to the widening of transport systems (Ali
et al., 2019; Halmuratov et al., 2025a; Martinez-Zarzoso & Maruotti, 2011). Analyzing
the combined impact of these factors on ecological systems is important for transition
economies undergoing rapid structural change. Uzbekistan, as the most populous country
in Central Asia with a rapidly growing economy, is a unique and relevant country for
empirical research (World Bank, 2022).

Since independence, Uzbekistan has experienced significant economic growth, with
large-scale urbanization and a growing share of the services sector in Gross Domestic
Product (GDP) as a result of comprehensive economic reforms (World Bank, 2022). The
country is located in a region that is highly vulnerable to the impacts of climate change,
such as water scarcity and desertification, and the government is actively promoting a
“Transition to a Green Economy” strategy (President of the Republic of Uzbekistan, 2019).

Uzbekistan offers a particularly suitable empirical setting for examining the joint
effects of economic growth, structural transformation, and urbanization on environmental
quality, for four interrelated reasons. First, it is the most populous economy in Central
Asia and has experienced one of the fastest income transitions in the region since 1991,
providing sufficient temporal variation to identify long-run relationships. Second, unlike
many resource-exporting economies whose emission trajectories are driven primarily by
extractive industries, Uzbekistan’s emission profile reflects a broader interaction between
industrial restructuring, service sector expansion, and rapid urbanization—precisely the
channels examined in the present study. Third, the country’s doubly landlocked geography
and arid climate make it especially vulnerable to climate change, increasing the policy
relevance of robust country-specific evidence. Fourth, despite this relevance, country-
specific empirical evidence on Uzbekistan remains scarce: most existing analyses on Central
Asia either treat the region as a single panel or focus on neighboring Kazakhstan (Sarkodie
& Strezov, 2019; Xolmurotov & Xolmuratov, 2025; Zhakiyev et al., 2025). The present study
therefore provides empirical evidence directly aligned with the four gaps identified in
Section 2.4, namely (i) a geographic gap, (ii) a sectoral gap, (iii) a methodological gap, and
(iv) a temporal gap.

The long-term dynamic relationship between macroeconomic indicators and CO,
emissions has not been sufficiently studied in the national scientific literature using rigorous
econometric models (Nurjanov et al., 2025; Zhakiyev et al., 2025). The main objective of
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this study was to empirically analyze the impact of economic growth, the service sector,
and urbanization on environmental degradation (measured by CO, emissions) for the case
of Uzbekistan over the period 1991-2024.

The study employs the ARDL (Autoregressive Distributed Lag) framework, which
allows the simultaneous estimation of short-run and long-run relationships. This study
contributes to the existing literature in three distinct ways. First, to the best of our knowl-
edge, this is among the first studies to jointly examine the long-run effects of economic
growth, service sector expansion, and urbanization on CO, emissions in Uzbekistan-a
doubly landlocked Central Asian transition economy that has received limited attention
in the Environmental Kuznets Curve (EKC) literature compared with East Asian or East-
ern European transition cases. Despite the rich body of evidence for BRICS, OECD, and
ASEAN economies (Pata & Caglar, 2021; Sarkodie & Strezov, 2019; Xolmurotov et al.,
2025a), Uzbekistan-specific empirical analyses remain scarce. Second, in contrast to existing
multi-country panel studies on Central Asia, which may obscure country-specific dynamics,
we apply the ARDL bounds testing procedure to a single-country time series covering
the most recent period (1991-2024). This country-specific approach captures the struc-
tural shifts associated with Uzbekistan’s post-2017 economic liberalization and currency
reforms—a period not covered by earlier analyses. Third, by decomposing the structural
change effect into two distinct channels—service sector value added and urban population
growth—we generate disaggregated, sector-specific policy implications that directly inform
Uzbekistan’s ongoing “Strategy for the Transition to a Green Economy 2019-2030”, thereby
extending the more aggregated regional analyses (Danish et al., 2020).

2. Literature Review
2.1. The Relationship Between Economic Growth and the Environment (The EKC Hypothesis)

In recent years, much attention has been paid to the study of the relationship between
environmental degradation and economic growth. Most of the scientific research in this area is
based on the Environmental Kuznets Curve (EKC) hypothesis, first put forward by Grossman
and Krueger (1991, 1995). According to the EKC concept, the early stages of economic
development show environmental degradation, but after reaching a certain threshold of
income, environmental quality begins to improve (Stern, 2004; Xolmurotov et al., 2025b).

Empirical studies conducted in developing countries have yielded mixed results. For
example, Shahbaz et al. (2013) and Ozturk and Acaravci (2010) used the ARDL model in
their analyses and showed that the EKC hypothesis was confirmed in many developing
economies. However, other researchers, including Apergis and Ozturk (2015), found
that the effectiveness of this hypothesis depends largely on the institutional quality in
the country.

More recent empirical work continues to produce mixed results while extending the
EKC framework to new contexts and methods. Koirala et al. (2025), using panel data for
the G7 economies, confirm the existence of an EKC relationship and estimate an income
turning point beyond which CO; emissions decouple from GDP per capita. Nica et al.
(2025), applying a panel ARDL approach to the BRICS economies over 1991-2023, report an
N-shaped relationship between GDP and emissions, in which the initial rise in emissions
reverses at a critical threshold before increasing again at higher income levels. In contrast,
Alwaked et al. (2025), employing the ARDL bounds testing procedure for Jordan, find
an inverse link between FDI and emissions but a positive association between GDP and
CO; emissions, and their results do not support the EKC hypothesis for Jordan. Likewise,
Nawaz et al. (2025) examine South Korea and show that inward FDI and economic growth
jointly shape the emission trajectory rather than producing an automatic decline. Taken
together, these recent studies reinforce the view that the income—emissions relationship is
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country-specific and conditioned by the stage of development, energy mix, and institutional
quality—an interpretation directly relevant to the case of Uzbekistan examined in this study.

2.2. Urbanization and Environmental Quality

Two opposing views have been put forward in scientific studies on the impact of
urbanization on carbon emissions. According to the ecological modernization theory, the
development of urban infrastructure increases energy efficiency and reduces negative
environmental impacts through technological innovation (Poumanyvong & Kaneko, 2010).

On the other hand, proponents of the concept of urban sprawl argue that rapid
urbanization dramatically increases energy consumption in the transport, logistics and
construction sectors, leading to increased CO, emissions (Ali et al., 2019; Martinez-Zarzoso
& Maruotti, 2011). Studies in transition economies, such as Central Asian countries, show
that urbanization is often seen as a factor that increases environmental pressures due to
insufficiently planned and regulated urban growth.

Recent empirical evidence largely supports this second view, particularly for develop-
ing and transition economies. Adela et al. (2025), applying a dynamic ARDL model to the
United Arab Emirates over 1975-2022, find that a 1% increase in urbanization raises CO,
emissions, alongside comparable positive effects of energy use and trade openness. In a
broad cross-country setting, Q. Wang et al. (2025) show that urbanization increases carbon
emissions in countries of all income groups except high-income economies, indicating that
the emission-reducing potential of urbanization materializes only at advanced stages of
development. Belgacem (2025) reaches a comparable conclusion for Saudi Arabia, linking
rising urban population shares to higher transport-related CO, emissions. Most directly rel-
evant to the present study, Zhakiyev et al. (2025), in a comprehensive review of Kazakhstan,
Uzbekistan, and Kyrgyzstan, identify urbanization—together with industrialization and
population growth—as a key driver of rising energy consumption and greenhouse gas
emissions across Central Asia. This recent regional evidence reinforces the expectation that,
in the Uzbek context, rapid and insufficiently regulated urban expansion exerts upward
pressure on CO, emissions.

2.3. Service Sector and Structural Transformation

The transition of an economy from an agrarian or industrial-based structure to a
service-oriented structure has important environmental consequences. Traditional ap-
proaches consider the service sector (LNSERV) as a “cleaner” alternative to industry, and
consequently, we can expect that an increase in the share of services in GDP will lead to a
decrease in CO; emissions (Zaman et al., 2016).

Recent studies have shown that the environmental impact of the services sector de-
pends on its composition. For example, the intersection of financial and technological
services has a unique impact on environmental outcomes. In the context of the modern dig-
ital economy, the rapid development of FinTech (financial technology) and e-commerce has
been empirically shown through studies to reduce carbon footprints by increasing paperless
transactions, reducing physical movement, and expanding green financing mechanisms
(Deng et al., 2020; Zhao et al., 2021).

Despite the above, the growth of the service sector in developing countries is still often
driven by traditional transport and trade activities, which can lead to environmental pollution.

More recent evidence confirms that the net environmental effect of the service sector
hinges on the balance between traditional and digitalized activities. Chen and Wang (2025),
using method-of-moments quantile regression for the world’s largest emitters, find that the
digital economy directly raises CO, emissions at higher quantiles, even though financial
expansion and the interaction of digitalization with economic growth reduce emissions.
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Y. Wang et al. (2025) similarly show that in China, total CO, emissions continued to rise
cumulatively over 2007-2022 despite rapid digital economy development, underscoring
that structural modernization does not by itself guarantee lower emissions. On the other
side, Li et al. (2025), analyzing 286 Chinese cities, find that fintech development reduces
urban carbon emissions, while Ahmad et al. (2025) argue that FinTech, blockchain, Al, and
the Internet of Things can improve transparency and resource allocation in green finance,
thereby supporting the net-zero transition. Read together, these studies imply that the
positive service sector elasticity found for Uzbekistan reflects the continued dominance of
traditional, energy-intensive services, and that the emission-reducing potential of digital
and financial services has yet to be realized.

2.4. Literature Gap

Building on the literature reviewed above, four specific gaps motivate the present
study. First, a geographic gap: while the EKC hypothesis has been extensively examined
for East Asian, European, MENA, and Sub-Saharan African economies, empirical evidence
on Central Asian transition economies—and particularly on Uzbekistan—remains scarce
and methodologically heterogeneous (Sarkodie & Strezov, 2019). Second, a sectoral gap:
the majority of existing studies treat the service sector as a homogeneous, environmentally
benign sector, overlooking the possibility that in early-stage transition economies the
sector may be dominated by carbon-intensive sub-activities such as transport, logistics,
and traditional commerce (Sadorsky, 2014). Third, a methodological gap: to the best of
our knowledge, no prior study has jointly modeled urban population growth, services
value added, and per capita income within a single ARDL framework for Uzbekistan.
Fourth, a temporal gap: most earlier analyses for Uzbekistan rely on samples ending before
2018 and therefore do not capture the post-2017 economic liberalization, currency reforms,
and accelerated urban expansion. The present study aims to address these four gaps by
applying the ARDL bounds testing procedure to recent annual data (1991-2024) within an
integrated empirical framework.

3. Methodology
Data and Variables

This study uses annual time series data for Uzbekistan covering the period 19912024,
with a total of 34 observations. The choice of the 1991-2024 sample period is motivated by
both substantive and data availability considerations. 1991 marks the year of Uzbekistan’s
independence and the beginning of the country’s transition from a centrally planned to a
market-oriented economy, representing a coherent structural starting point for analyzing
the long-run interaction between economic transformation and environmental outcomes.
2024 is the most recent year for which fully consistent annual data are available across all
variables in the World Bank WDI and Climate Watch databases at the time of writing. This
34-year window provides sufficient temporal variation to identify long-run cointegrating
relationships using the ARDL bounds testing procedure (Narayan, 2005; Pesaran et al.,
2001), while avoiding pre-independence data whose comparability with the post-1991
period is limited. The data are from the World Bank’s World Development Indicators
(WD) database and the Climate Watch historical greenhouse gas emissions platform. The
dependent variable is carbon dioxide (CO,) emissions, measured in million tonnes of CO,
equivalent (Mt CO,e) excluding land use, land use change and forestry (LULUCEF), and
serves as an indicator of environmental degradation. The explanatory variables include
GDP per capita (current US$), which represents economic growth, value added of services
(as a percentage of GDP), which reflects the expansion of the services sector, and urban
population growth (annual %), which measures urbanization dynamics.
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The selection of variables is grounded in the theoretical and empirical EKC literature.
CO, emissions are employed as the dependent variable because they represent the most
widely used and policy-relevant indicator of environmental degradation in time-series
EKC studies (Sarkodie & Strezov, 2019; Stern, 2004), and because Uzbekistan, as a Party to
the Paris Agreement, reports its emissions through internationally harmonized Climate
Watch protocols. GDP per capita (current US$) is chosen as the income proxy following
the standard EKC specification of Grossman and Krueger (1995), capturing both the scale
of economic activity and the income level at which environmental preferences typically
shift. Services value added (% of GDP) captures the structural transformation channel; we
focus on the services share rather than on industry because Uzbekistan’s recent transfor-
mation has been service-led, and because the environmental implications of service sector
expansion in transition economies remain empirically contested (Mahmood et al., 2019;
Sadorsky, 2014). Urban population growth (annual %) is used in preference to the urban-
ization level (% urban) because the growth rate captures the dynamic pressure that rapid
urban expansion exerts on energy demand, transport, and construction—an interpretation
aligned with Martinez-Zarzoso and Maruotti (2011) and Ali et al. (2019). This combination
of variables therefore reflects the three principal channels emphasized in the contemporary
EKC literature: income, structural transformation, and urbanization.

All variables were transformed to natural logarithms (designated as LNCO2, LNGDP,
LNSERYV, and LNURBAN_GR) to reduce data variability, mitigate potential heteroscedas-
ticity, and allow the coefficients to be interpreted as elasticities (Shahbaz et al., 2013). The
effectiveness of this transformation in mitigating heteroscedasticity was subsequently ver-
ified through the Breusch-Pagan—-Godfrey test on the residuals of the estimated ARDL
model, the results of which are reported in Section 4.5 and confirm the absence of significant
heteroscedasticity in the final specification. Table 1 provides definitions and data sources of
the variables used in the study.

Table 1. Variable Definitions and Data Sources.

Variable Symbol Definition Unit Source
.. Total CO, emissions .
CO, Emissions LNCO2 excluding LULUCF Mt COgze (log) Climate Watch
Economic Growth LNGDP GDP per capita Current US$ (log) World Bank WDI
Service Sector LNSERV Services, value added % of GDP (log) World Bank WDI

Urbanization

LNURBAN_GR Urban population growth ~ Annual % (log) World Bank WDI

Descriptive statistics of the variables are presented in Table 2. The Jarque—Bera test
shows that the variables LNCO2, LNGDP, and LNURBAN_GR have a normal distribution
at the 5 percent significance level, while LNSERV exhibits a deviation from a normal distri-
bution due to structural changes that occurred during Uzbekistan’s economic transition.

Table 2 reveals several patterns worth noting. LNGDP has the highest standard devia-
tion (0.721), reflecting the substantial income transformation Uzbekistan has undergone
since 1991—GDP per capita rose from approximately USD 380 to over USD 3000 in nominal
terms. In contrast, LNCO2 exhibits very low variation (Std. Dev. = 0.085), suggesting
that absolute CO, emissions have remained relatively stable despite this income growth,
providing initial evidence consistent with the decoupling implied by the EKC hypothesis.
LNSERYV shows the strongest deviation from normality (Jarque-Bera = 27.186, p < 0.001),
reflecting structural breaks associated with the 1990s transition shock and the post-2017
reform period. The non-normality of LNSERV does not invalidate the ARDL procedure,
which does not require normally distributed regressors.
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Table 2. Descriptive Statistics of Variables.
Statistic LNCO2 LNGDP LNSERV LNURBAN_GR
Mean 4.821 7.008 3.631 0.784
Median 4.823 6.847 3.648 0.774
Maximum 5.001 8.059 3.811 1.309
Minimum 4.653 5.944 3.279 0.043
Std. Dev. 0.085 0.721 0.103 0.386
Skewness —0.203 0.082 —1.504 -0.178
Kurtosis 2.289 1.341 6.185 1.908
Jarque-Bera 0.949 3.936 27.186 1.869
Probability 0.622 0.140 0.000 0.393
Observations 34 34 34 34

Based on the Environmental Kuznets Curve (EKC) hypothesis (Grossman & Krueger,
1995) and subsequent empirical studies (Ozturk & Acaravci, 2010; Ali et al., 2019), the basic
long-run model is defined as follows:

LNCO2; = By + B1LNGDP; + B,LNSERV; + B3LNURBAN_GR; + ¢ (1)

where t denotes the time period (1991-2024), B¢ is the constant term, 1, B2, and B3 are the
long-run elasticities, and ¢; is the stochastic error term.

Given the relatively small sample size (n = 34) and the mixed integration procedures
among the variables, the ARDL bounds test approach developed by Pesaran et al. (2001)
was used. The ARDL model has several advantages: (i) it provides reliable results in small
samples; (ii) it can be used regardless of whether the regressors are 1(0), I(1) or cointegrated,
as long as none of the variables is I(2); (iii) it allows for the simultaneous estimation of
short- and long-run coefficients; (iv) it provides correct t-statistics even in the presence of
endogenous regressors (Nkoro & Uko, 2016).

Before estimating the ARDL model, an Augmented Dickey—Fuller (ADF) test (Dickey
& Fuller, 1981) was performed to ensure that there were no variables with second-order
integration, i.e., I(2), which would invalidate the bounds testing methodology. Optimal
lag lengths were automatically selected based on the Schwarz Information Criterion (SIC),
with a maximum lag of 8.

To test for long-run cointegration, the following unconstrained error correction model
(UECM) is formulated:

ALNCO2; = ag + X!, 1iALNCO2;_; + zj;o §;ALNGDP;_; +
Y2 OkALNSERV, j + Y/° , MALNURBAN_GR;_; + p1 LNCO2;_1 + 2)
02LNGDP;_1 + p3LNSERV;_1 4+ p4 LNURBAN_GR;_1 + ¢

where A is the first difference operator, v, J, 6, and A are short-run dynamic coefficients,
and p; through p4 are long-run multipliers.

The null hypothesis of no cointegration (Hy : p; = p2 = p3 = pa = 0) is tested against
the alternative using the F-statistic. The computed F-statistic is compared with critical
value bounds from Pesaran et al. (2001) and finite sample critical values from Narayan
(2005). If the F-statistic exceeds the upper bound, cointegration is confirmed.

After confirming cointegration, the short-run dynamics were identified by estimating
an Error Correction Model (ECM). The chosen ARDL specification is ARDL(2, 4, 2, 0),
which is specified based on the Akaike Information Criterion (AIC) under the condition of
an unrestricted constant and a restricted trend. The ECM is defined as:
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ALNCO2; = ag + L, 1iALNCO2; ; + 27;0 §ALNGDP;_; +

3
Y2 OkALNSERV,_j + Y/* ) \ALNURBAN_GR;_; + 9ECT;_1 + w; ©)

where ECT;_1 is the lagged error correction term and ¢ represents the speed of adjustment
toward long-run equilibrium. A negative and statistically significant ¢ confirms the ex-
istence of a stable long-run relationship and indicates the proportion of disequilibrium
corrected each period.

Several diagnostic tests were conducted to verify the adequacy of the model. Through
the Breusch-Godfrey Lagrange multiplier examination, we assess the existence of serial
correlation in residuals for two lags, and the Breusch-Pagan—-Godfrey test evaluates het-
eroscedasticity occurrence. The Cumulative Sum (CUSUM) and Cumulative Sum Square
(CUSUMSQ)) tests developed by Brown et al. (1975) were used to assess structural stability.
If the CUSUM and CUSUMSQ plots remain within the 5 percent critical limits, the stability
of the parameters is confirmed.

All econometric analyses were performed using EViews 12 software.

4. Results

Table 3 reports the descriptive statistics of the variables in their original (untrans-
formed) units. Over the 1991-2024 period, CO, emissions averaged 124.5 Mt CO»e, ranging
from a minimum of 104.9 Mt COze to a maximum of 148.5 Mt COze. The relatively low
standard deviation (10.5 Mt CO,e) indicates that absolute emissions remained fairly stable
throughout the sample period. In contrast, GDP per capita exhibits substantial variation,
rising from a minimum of USD 381 to a maximum of USD 3162, with a standard deviation
(USD 933.8) that reflects the profound income transformation Uzbekistan has undergone
since independence. The combination of stable emissions and rapidly rising income pro-
vides preliminary descriptive evidence of a decoupling between economic growth and
environmental degradation, consistent with the descending phase of the EKC examined in
this study. The share of services in GDP averaged 37.9 percent, fluctuating between 26.5
and 45.2 percent, while urban population growth averaged 2.35 percent per annum. The
Jarque-Bera statistics indicate that CO, emissions, GDP per capita, and urban population
growth are normally distributed at the 5 percent significance level, whereas the services
share deviates from normality (JB = 12.605, p = 0.002), reflecting the structural shifts associ-
ated with the 1990s transition shock and the post-2017 reform period. This non-normality
does not affect the validity of the ARDL procedure, which imposes no normality require-
ment on the regressors.

Figure 1 presents the bivariate relationships between CO, emissions and each explana-
tory variable using untransformed data. Panel (a) shows that despite the roughly eight-fold
expansion of GDP per capita over the sample period, CO, emissions remained confined
within a narrow band of 105-149 Mt COse, providing preliminary visual evidence of a
decoupling between income growth and emissions. The vertex of the fitted quadratic in
panel (a) corresponds to a per capita income level of approximately USD 1517 (computed
as —b/2c from the estimated bivariate quadratic), indicating the income level at which the
bivariate emissions—-income relationship changes direction. The upturn observed in the raw
data beyond this income level largely reflects the post-2017 acceleration of urbanization and
service sector expansion; once these covariates and the time trend are controlled for within
the ARDL framework, the conditional income elasticity is negative (Section 4.3), consistent
with Uzbekistan operating on the descending phase of the EKC. Panel (b) indicates that emis-
sions tend to rise at higher levels of service sector development, foreshadowing the positive
long-run elasticity estimated later in this section. Panel (c) displays an inverted U-shaped
pattern between urban population growth and emissions, with the highest emission levels
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observed during periods of moderate-to-rapid urban expansion. It should be emphasized
that these bivariate plots are descriptive in nature and do not control for the time trend or the
remaining covariates; the conditional long-run elasticities, which isolate the effect of each

variable, are estimated within the ARDL framework in Sections 4.3 and 4.4.

Table 3. Descriptive Statistics of Variables (untransformed data).

Statistic CO, GDP per Services Urban Pop.
(Mt COze) Capita (US$) (% of GDP) Growth (%)
Mean 124.498 1406.985 37.922 2.349
Median 124.369 949.379 38.381 2.168
Maximum 148.539 3161.700 45.192 3.703
Minimum 104.912 381.409 26.539 1.044
Std. Dev. 10.526 933.820 3.627 0.867
Skewness —0.041 0.417 —1.059 0.264
Kurtosis 2.353 1.557 5.100 1.738
Jarque—-Bera 0.602 3.932 12.605 2.651
Probability 0.740 0.140 0.002 0.266
Observations 34 34 34 34
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Figure 1. Scatter plots of CO, emissions (Mt CO,e) against (a) GDP per capita (current US$), (b) ser-

vices value added (% of GDP), and (c) urban population growth (annual %), based on untransformed

annual data for Uzbekistan, 1991-2024. The solid lines represent fitted quadratic trends. The vertical

dashed line in panel (a) marks the vertex of the fitted quadratic, at approximately USD 1517 of per

capita income; since this bivariate fit does not control for the time trend or other covariates, the value
is indicative rather than a structural EKC estimate. Source: World Bank WDI and Climate Watch.

https://doi.org/10.3390/economies14080303


https://doi.org/10.3390/economies14080303

Economies 2026, 14, 303

10 of 19

4.1. Unit Root Test Results

As a foundational measure to investigate the Autoregressive Distributed Lag (ARDL)
system, we undertook Augmented Dickey—Fuller (ADF) tests to analyze the stationarity
properties of the variables present. The results presented in Table 4 show that all variables
are nonstationary at the levels, but become stationary after first-order differencing. This
confirms that all variables have first-order integration, i.e., (1), and since none of them has
1(2), the necessary condition for applying the ARDL bounds test approach is fulfilled.

Table 4. Augmented Dickey-Fuller (ADF) Unit Root Test Results.

Variable Level First Difference Integration
t-Statistic Prob. t-Statistic Prob. Order
LNCO2 —1.665 0.439 —5.926 *** 0.000 I(1)
LNGDP 1.064 0.921 —2.679 *** 0.009 I(1)
LNSERV 2.570 0.997 —4.107 *** 0.000 I(1)
LNURBAN_GR —1.083 0.247 —5.216 *** 0.000 I(1)

Note: *** denotes significance at the 1% level. Optimal lag lengths were selected automatically based on the
Schwarz Information Criterion (SIC) with a maximum lag of 8.

4.2. Cointegration Test Results

The ARDL bounds test was employed to ascertain the presence of a long-term associ-
ation between the variables. As shown in Table 5, the calculated F-statistic value (8.326)
exceeds the upper critical threshold value (6.988) at the 1% significance level for the limited
sample size (n = 30). This result clearly rejects the null hypothesis of no cointegration
and confirms the existence of a robust long-run equilibrium relationship between CO,
emissions, economic growth, service sector expansion, and urbanization in Uzbekistan.

Table 5. ARDL Bounds Test Results.

Test Statistic Value Significance Level 1(0) Bound I(1) Bound
F-statistic 8.326 10% 3.378 4274
k 3 5% 4.048 5.090
Sample size (1) 30 1% 5.666 6.988

Note: Critical values are based on Narayan (2005) for finite samples. k represents the number of explanatory variables.

4.3. Long-Run Estimates

After confirming cointegration, long-run coefficients were estimated using the ARDL(2,
4,2, 0) specification. The results presented in Table 6 reveal several important conclusions
regarding the determinants of CO, emissions in Uzbekistan.

Table 6. Estimated Long-Run Coefficients (Dependent Variable: LNCO2).

Variable Coefficient Std. Error t-Statistic Prob.
LNGDP —0.243 *** 0.063 —3.822 0.001
LNSERV 1.373 * 0.657 2.091 0.052
LNURBAN_GR 0.374 ** 0.163 2.299 0.034
@TREND 0.020 ** 0.008 2.547 0.021

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

The coefficient of economic growth (LNGDP) is negative (—0.243) and statistically
significant at the 1 percent level, indicating that a 1 percent increase in GDP per capita
leads to a 0.24 percent reduction in CO, emissions in the long run. This result empirically
substantiates the Environmental Kuznets Curve (EKC) hypothesis in Uzbekistan and
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indicates that the country has passed the tipping point where economic growth begins to
contribute to environmental improvements.

It should be noted that the EKC literature distinguishes between two empirically
observable phases: the ascending phase (in which the income coefficient is positive and
significant) and the descending phase (in which the income coefficient is negative and
significant). The standard quadratic EKC specification with both linear and squared GDP
terms is most informative when the sample contains both phases, allowing identification of
the turning point. For countries such as Uzbekistan, where the observed sample period falls
predominantly within the descending portion of the curve—as evidenced by the consistently
negative income elasticity and the prolonged decoupling of emissions from growth visible in
the underlying time series—a linear specification provides a parsimonious and interpretable
representation. This approach is consistent with recent EKC studies that adopt a linear
specification when the descending phase dominates the sample (Adebayo & Kirikkaleli,
2021; Pata & Caglar, 2021), and it avoids the multicollinearity concerns that can arise when
including both GDP and GDP? in a small-sample ARDL framework (Narayan, 2005).

In contrast, the expansion of the services sector (LNSERV) has a positive and sta-
tistically significant coefficient at the 10 percent level (1.373), indicating that a 1 percent
increase in the share of the services sector in GDP leads to a 1.37 percent increase in CO,
emissions. This is contrary to expectations and may be due to the dominance of traditional
energy-intensive services such as transport, logistics, and traditional retail in the structure
of Uzbekistan’s services sector.

Similarly, urbanization growth (LNURBAN_GR) also has a positive and statistically
significant effect at the 5 percent level (0.374), indicating that a 1 percent increase in urban
population growth leads to a 0.37 percent increase in CO, emissions. This result is consistent
with the “urban sprawl” hypothesis, which states that rapid urbanization in transition
economies increases energy demand for housing, transport, and infrastructure development.

4.4. Short-Run Dynamics and Error Correction Model

The short-term dynamics and the rate of adjustment to the long-term equilibrium
are determined by the Error Correction Model (ECM). The results presented in Table 7
show that the error correction coefficient (CointEq(—1)) is negative (—0.665) and has high
statistical significance at the 1 percent level, which confirms the reliability of the long-term
equilibrium relationship.

Table 7. Error Correction Model (ECM) Results.

Variable Coefficient Std. Error t-Statistic Prob.

C 0.588 *** 0.081 7.255 0.000
D(LNCO2(—1)) —0.278 ** 0.127 —2.196 0.042
D(LNGDP) —0.087 0.064 —1.344 0.197
D(LNGDP(-1)) 0.127 * 0.072 1.778 0.093
D(LNGDP(-2)) 0.188 ** 0.079 2.391 0.029
D(LNGDP(—3)) 0.269 *** 0.074 3.655 0.002
D(LNSERV) —0.350 0.275 —-1.275 0.219
D(LNSERV(—1)) —0.933 *** 0.291 —3.206 0.005
CointEq(—1) —0.665 *** 0.093 -7.171 0.000

Note: ***, ** and * denote significance at the 1%, 5%, and 10% levels, respectively. D denotes the first
difference operator.

The magnitude of the error correction coefficient (—0.665) indicates a relatively fast
correction rate, i.e., almost 66.5 percent of any deviation from the long-run equilibrium is
eliminated within a year. From this, we can understand that after any short-run change,
it takes about 1.5 years (1/0.665 =~ 1.50) for the system to fully return to the long-run
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equilibrium. Such a high correction rate indicates that the Uzbek economy is significantly
sensitive to policy measures aimed at environmental management.

The R-squared value is 0.722, indicating that the model explains approximately 72.2%
of the variation in CO, emission changes, indicating a good fit of the model. The F-
statistic (6.810) is highly significant (p < 0.001), confirming the overall validity of the model.
The Durbin-Watson statistic (2.123) is close to 2, indicating that there is no first-order
autocorrelation in the residuals.

4.5. Diagnostic Test Results

The reliability and validity of the estimated ARDL model require validation through
extensive diagnostic tests. The results presented in Table 8 show that the model satisfies all
the classical conditions necessary for valid statistical inference.

Table 8. Residual Diagnostic Test Results for the Estimated ARDL Model.

Test Null Hypothesis F-Statistic Prob. Decision
Breusch-Godfrey LM No serial correlation 3.356 0.163 Fail to reject Hy
Breusch-Pagan—-Godfrey Homoskedasticity 0.929 0.542 Fail to reject Hy

Note: The null hypotheses cannot be rejected at the 5% significance level.

The results of the Breusch-Godfrey LM test (F-statistic = 3.356, p = 0.163) obtained in
the study indicate that the null hypothesis of no serial correlation is not rejected, while the
results of the Breusch-Pagan—-Godfrey test (F-statistic = 0.929, p = 0.542) confirm the absence
of heteroscedasticity. These results indicate the effectiveness of the estimated coefficients
and the reliability of the results of the hypothesis tests.

4.6. Stability Test Results

The structural stability of the estimated long-run coefficients was assessed using the
Cumulative Sum (CUSUM) and Cumulative Sum of Squares (CUSUMSQ) tests proposed
by Brown et al. (1975). As shown in Figure 2 and Figure 3, the plots of the CUSUM and
CUSUMSQ statistics, respectively, remain within the 5 percent critical bounds throughout
the sample period. While the CUSUM test assesses the stability of the estimated regression
coefficients, the CUSUMSQ test additionally evaluates the stability of the residual variance.
Since neither statistic crosses its respective critical bounds, the null hypothesis of parameter
constancy cannot be rejected. This confirms that the estimated parameters are structurally
stable over time and indicates that the model is suitable for policy analysis and forecasting.

12

o/w

-4
-8

-12
2008 2010 2012 2014 2016 2018 2020 2022 2024

—— CUSUM 5% Significance

Figure 2. Plot of the CUSUM stability test.
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Figure 3. Plot of the CUSUM of Squares stability test. Note: The statistic remains within the 5%
significance bounds, confirming the stability of the residual variance.

5. Discussion

The empirical results of this study provide important insights into the complex dy-
namics between economic development and environmental quality in Uzbekistan. This
section discusses the main results within the framework of existing theoretical frameworks
and empirical studies, while also focusing on the specific characteristics of Uzbekistan as a
transition economy in Central Asia.

The negative and statistically significant relationship between economic growth
(LNGDP) and CO, emissions is one of the most striking findings of this study. The negative
and statistically significant long-run elasticity reported in Section 4.3 carries substantive
interpretive weight: it indicates that Uzbekistan has passed the tipping point in the EKC,
the threshold beyond which further income growth is associated with environmental im-
provement rather than deterioration. This result provides strong empirical support for the
Environmental Kuznets Curve (EKC) hypothesis and suggests that Uzbekistan has passed
the tipping point where economic growth shifts from having a negative to a positive impact
on the environment.

This result is consistent with the study of Grossman and Krueger (1995) and with recent
empirical evidence from transition economies. Shahbaz et al. (2013) reported similar results
for several developing countries using ARDL methodology, while Ozturk and Acaravci
(2010) confirmed the EKC hypothesis in Turkey. However, our results differ from studies
such as Apergis and Ozturk (2015), who found that the validity of the EKC hypothesis
depends largely on the institutional quality and governance system in the country.

The confirmation of the EKC hypothesis in Uzbekistan can be explained by several
main mechanisms. The country has undergone significant economic restructuring since
independence, gradually moving away from heavy industry to more diversified economic
activities. The government’s focus on the “Green Economy Strategy” has encouraged
investment in clean technologies and renewable energy sources. Third, rising income levels
have increased the population’s awareness and demand for environmental quality, which
is consistent with the theoretical predictions of the EKC (Stern, 2004).

Despite the above results, it is important to interpret this result with caution. The nega-
tive coefficient does not mean that economic growth automatically improves environmental
quality, but rather it indicates that the current trajectory of Uzbekistan’s development,
combined with policy measures, has reached a stage where growth and environmental
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improvement can coexist. Continuing active environmental policies will be necessary to
maintain this positive relationship.

Our finding of a negative long-run elasticity between GDP per capita and CO, emis-
sions is consistent with several recent empirical studies. Sarkodie and Strezov (2019), in
a comprehensive meta-analysis of the EKC literature, and Pata and Caglar (2021), using
augmented ARDL with structural breaks for China, both report long-run emission reduc-
tions associated with rising income. Adebayo and Kirikkaleli (2021) document a similar
pattern for Japan. However, our result diverges from Akadiri et al. (2020), who report a
monotonically increasing income—emissions relationship for several African economies,
and from Apergis and Ozturk (2015), who emphasize that EKC validity depends critically
on institutional quality. This divergence underscores that the income-emissions relation-
ship is not universal but is conditioned by the country’s stage of structural transformation,
energy mix, and governance quality—factors that have all evolved favorably in Uzbekistan
since the 2017 reforms.

The results of the analysis show that, contrary to conventional expectations, the
expansion of the services sector (LNSERV) has a positive and statistically significant effect
on CO, emissions, with a long-run elasticity of 1.373. This result indicates that a 1% increase
in the share of the services sector in GDP leads to an increase in carbon emissions of
approximately 1.37%, making it the strongest factor influencing environmental degradation
among the variables studied.

This empirical result contradicts the conventional wisdom that service-oriented
economies are inherently cleaner than manufacturing-oriented economies (Zaman et al.,
2016). In the context of Uzbekistan, this unexpected result can be explained by several
factors. The composition of Uzbekistan’s services sector means that it is not dominated
by knowledge-based or digital services, but still by energy-intensive activities such as
transport, logistics, wholesale and retail trade, and traditional commerce. These subsec-
tors require large amounts of energy for fleets, warehouses, refrigeration systems, and
physical infrastructure.

The underdevelopment of financial technology (FinTech) and digital services in Uzbek-
istan means that the potential benefits of modernizing the services sector in terms of reduc-
ing emissions have not yet been realized. Recent studies by Zhao et al. (2021) and Deng
et al. (2020) show that digitizing services, expanding e-commerce, and introducing green
financing mechanisms can significantly reduce the carbon footprint of the third sector.

In transition economies, the rapid expansion of the services sector often occurs with-
out sufficient attention to energy efficiency standards and environmental regulations.
Martinez-Zarzoso and Maruotti (2011) have noted similar developments in other develop-
ing countries, where the growth of the services sector has been accompanied by an increase
in motor transport and commercial energy consumption.

These results have important implications for Uzbekistan’s development strategy.
Simply expanding the services sector without considering its structure and energy efficiency
will not bring environmental benefits. Policymakers should prioritize the development of
green and digital services, introduce energy efficiency standards for commercial buildings
and transport, and encourage the use of clean technologies in traditional service subsectors.

The positive sign on the service sector coefficient aligns with the findings of Lin and
Zhu (2019) for China and the broader evidence summarized by Sadorsky (2014), which
show that transport- and trade-intensive service activities can raise rather than lower
national emissions. In contrast, our result diverges from Zaman et al. (2016) and from
studies in mature service-based economies, where digitalized, knowledge-intensive services
dominate and produce a net emissions-reducing effect. This contrast supports the view
that the environmental impact of the service sector is not determined by its overall size but
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by its internal composition—specifically, the relative weight of traditional energy-intensive
services versus digital, financial, and knowledge-based services. Uzbekistan’s current
service sector profile leans heavily toward the former, which explains the unexpected
positive coefficient.

The positive and statistically significant coefficient of urbanization growth (0.374) indicates
that rapid urban population growth contributes to the increase in CO, emissions in Uzbekistan.
This result is consistent with the “urban sprawl” hypothesis and contradicts the ecological
modernization theory, which states that urbanization can improve environmental quality
through economies of scale and technological innovation (Poumanyvong & Kaneko, 2010).

The construction sector associated with urban development is inherently carbon-
intensive, as it requires large volumes of cement, steel, and other high-carbon-intensive
materials. Ali et al. (2019) reported similar results in other Central Asian countries and
attributed the positive relationship between urbanization and emissions to inadequate
urban planning and lack of sustainable construction practices.

Our results are consistent with those of Martinez-Zarzoso and Maruotti (2011), who
found that urbanization in developing countries increases CO, emissions due to unsustain-
able urban development patterns. However, these results differ from studies in developed
countries, where mature urban systems with efficient public transport and strict building
codes have been able to decouple urban growth from emissions growth.

This finding is consistent with Martinez-Zarzoso and Maruotti (2011) and Ali et al.
(2019), who both report positive urbanization—emission elasticities in developing-country
settings. Conversely, Poumanyvong and Kaneko (2010) and Liddle (2014) document
that urbanization in high-income economies can produce per capita emission reductions
through agglomeration efficiencies, denser public transport networks, and stricter building
regulations. The contrast between these two sets of findings indicates that Uzbekistan is
currently positioned in the early “carbon-intensive” phase of urban development, where
infrastructure expansion outpaces efficiency gains. This positioning, however, also implies
a policy window: targeted urban planning interventions can shift the country onto the
lower-emission urban development pathway observed in more mature urban systems.

The outcome of the EKC hypothesis in Uzbekistan is a noteworthy result, given the
country’s status as a landlocked country with unique geographical and economic con-
straints. Unlike coastal economies that can benefit from the efficiency of maritime trade,
Uzbekistan’s transport sector faces inherent constraints that can hinder environmental
improvements. Despite the above results, the fact that economic growth is negatively asso-
ciated with emissions suggests that other factors, including policy measures and structural
changes, have been effective in decoupling growth from environmental degradation.

The significant positive impact of the expansion of the services sector and urbanization
on emissions distinguishes Uzbekistan from advanced transition economies in Eastern
Europe, where such structural changes have typically been associated with emissions
reductions. This difference suggests that it is not just the direction of economic change that
matters, but also its composition and quality.

Limitations and alternative interpretations. Several caveats should accompany the
interpretation of our findings. First, the analysis relies on aggregate national-level data and
cannot capture sub-national heterogeneity—an important consideration in a country where
economic structure and urban density vary substantially across provinces. Second, the
model does not explicitly include several potentially relevant variables, notably renewable
energy consumption, foreign direct investment, and trade openness; their omission may
bias the estimated elasticities, and future studies with longer or higher-frequency data
could incorporate them. Third, the negative income elasticity we report should not be
interpreted as evidence that economic growth automatically improves environmental
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quality; rather, it reflects the joint outcome of growth, structural change, and the policy
environment in place during the sample period. Fourth, although the ARDL framework is
robust in small samples, the relatively short series (1 = 34) limits the power of structural
break and nonlinearity tests; future work using longer panels for Central Asian economies
could employ nonlinear ARDL (NARDL) or quantile cointegration techniques to test for
asymmetric responses. Recognizing these limitations strengthens, rather than weakens,
the policy relevance of our findings: the observed long-run patterns indicate the direction
of structural pressures on Uzbekistan’s emission trajectory, while acknowledging that the
magnitude of those pressures will depend on policy choices yet to be made.

6. Conclusions

The investigation employed an Autoregressive Distributed Lag (ARDL) model predi-
cated on annual data spanning from 1991 to 2024. The findings indicated that there exists a
long-term equilibrium among CO, emissions, Gross Domestic Product (GDP), the services
sector, and urbanization.

Three central findings emerge from the empirical analysis. First, economic growth is
associated with a long-run reduction in CO, emissions, providing evidence consistent with
Uzbekistan operating on the descending phase of the EKC. Second, service sector expansion
exerts a positive and statistically significant long-run effect on emissions, reflecting the
dominance of traditional, energy-intensive sub-sectors such as transport, logistics, and
commerce. Third, urban population growth amplifies emissions, consistent with the urban
sprawl pattern observed in early-stage urbanization.

The error-correction model demonstrated a reversion to equilibrium at a rate of 66.5%
per annum, suggesting that the efficacy of the policy interventions will become evident in
approximately 1.5 years.

Based on the empirical findings, we propose four interrelated policy recommendations
for Uzbekistan.

First, deepening the green economic growth strategy. The negative long-run associ-
ation between GDP per capita and CO, emissions indicates that Uzbekistan has crossed
the EKC turning point, but sustaining this trajectory requires continued active policy.
The government should reinforce its “Strategy for the Transition to a Green Economy
2019-2030” by: (a) piloting a carbon pricing mechanism or limited emissions trading
scheme in the highest-emitting sectors; (b) accelerating renewable energy deployment, ex-
ploiting Uzbekistan’s substantial solar irradiation potential; and (c) phasing out fossil-fuel
subsidies that distort relative prices and weaken low-carbon investment incentives.

Second, modernization and digitalization of the service sector. Because the positive
service sector elasticity is driven by traditional carbon-intensive sub-activities, policy
should target structural upgrading within services: (a) accelerated adoption of FinTech,
e-commerce, and digital government services to reduce physical movement and paper-
based transactions; (b) mandatory energy-efficiency standards for commercial buildings
(cooling, lighting, ventilation); (c) low-carbon logistics measures such as fleet electrification,
last-mile optimization, and warehouse efficiency standards; and (d) green tax incentives
for service firms adopting verified low-carbon practices.

Third, sustainable urban planning and smart city adoption. To moderate the
urbanization—-emissions link: (a) implement smart city master plans in Tashkent, Samarkand,
Bukhara, and other major centers; (b) prioritize the electrification and expansion of public
transport (BRT corridors, metro extensions, electric bus fleets); (c) enforce green building
codes (insulation, passive design, certified low-carbon materials) for new residential and
commercial construction; and (d) safeguard and expand urban green spaces, which provide
both carbon sink and urban cooling co-benefits.
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Fourth, human capital and institutional reforms. (a) Large-scale reskilling and up-
skilling programs to prepare the workforce for green and digital occupations; (b) system-
atic integration of environmental impact assessments into all major public investment
projects; (c) strengthening environmental monitoring agencies, statistical capacity, and
public data transparency; and (d) regional cooperation with neighboring Central Asian
states on transboundary environmental issues such as the Aral Sea basin and sand and dust
storm mitigation.

The error-correction coefficient of —0.665 indicates that approximately two-thirds
of any deviation from the long-run equilibrium is eliminated within one year, implying
that the effects of well-designed policy interventions should become measurable within
roughly 18 months. This relatively rapid adjustment provides a credible time horizon
for sequencing the reforms above within a single political cycle and supports the case for
early implementation.

There are also limitations inherent in the study: the analysis is contingent upon aggre-
gated data at the national level, and variations within the cross-section of the provinces are
not considered. Furthermore, the model did not encompass variables such as foreign direct
investment, renewable energy consumption, and trade openness. Future investigations
would benefit from conducting a comparative panel analysis across Central Asian nations
and employing nonlinear ARDL and quantile regression methodologies.

In conclusion, while economic expansion in Uzbekistan has begun to have a beneficial
effect on the environment, traditional services and accelerated urbanization continue
to impose significant environmental pressures. To attain sustainable development, it is
imperative to alter the composition of economic growth, modernize the services sector, and
ensure ecological advancement in urban areas.
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