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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Mark Howells China’s rapid economic growth has made it the world’s largest carbon emitter, creating urgent environmental
challenges that require immediate attention. As urbanization advances, so does the energy demand, with a large
proportion of that energy being provided by fossil fuels, which has further escalated carbon emissions. The
resulting increase in carbon emissions poses a serious threat to global climate stability and requires immediate
action to mitigate its impact on the environment. The urge to reduce environmental effects has called for so-

lutions, such as a shift to renewable energy. Thus, this study aims to establish the relationship between renewable
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ARDL energy consumption, economic growth, fossil fuel use, urbanization, industrialization, and carbon emissions in
NARDL China from 1990 to 2022. We explore these variables using Autoregressive Distributed Lag (ARDL) and nonlinear
China symmetrical estimation methods. These findings suggest that carbon emissions are positively linked to fossil fuel

use, economic growth, urbanization, and industrialization, indicating that these determinants play a significant
role in environmental degradation. Conversely, renewable energy reduces carbon emissions and contributes to
environmental sustainability. It confirms the need to improve renewable energy integration and increase
awareness of China’s severe environmental concerns, which are exacerbated by its economic and industrial
development. This study offers critical insights for Chinese policymakers by analyzing data from 1990 to 2022 to
quantify the extent to which the adoption of renewable energy can offset emissions resulting from economic
growth, fossil fuel use, urbanization, and industrialization. Our findings provide China-specific evidence to
support its emission reduction targets and contribute globally relevant methods for sustainable development
planning. The quantified relationships provide a framework for evaluating the effectiveness of policies in tran-
sitioning to low-carbon growth.

1. Introduction

China has experienced unprecedented economic growth and urban-
ization over the past few decades, transforming from a rural and un-
derdeveloped country into a global industrial powerhouse [1]. However,
this growth has come at a considerable environmental cost, namely,
increased carbon dioxide (CO») emissions [2]. These emissions are pri-
marily attributed to fossil fuel consumption, economic growth, a shift
towards urban living, and increased industrial activities. Fossil fuels,
such as coal, oil, and gas, are energy sources formed from ancient

organic matter that release CO; emissions when burned. Renewable
energy is shifting from fossil fuels to clean energy (solar, wind, hydro-
power) to reduce emissions and meet climate goals. In light of these
developments, renewable energy has the potential to mitigate CO5
emissions and has emerged as an essential research area. China’s eco-
nomic landscape has undergone profound changes in the past two de-
cades. The region’s gross domestic product (GDP) has increased, and
cities and industrial activities have expanded in recent years. As a result
of these factors, there has been a significant increase in energy usage and
the proportion of fossil fuels used in the country. Consequently, CO,
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emissions have increased significantly, resulting in major environmental
problems, including global warming [3]. Renewable energy sources
foster a link between economic advancement and ecological conserva-
tion, stimulate financial investments in sustainable energy, decrease
pollution levels, and contribute to stable economic progress [4]. COy
emissions from fossil fuels have contributed to global warming, and the
promotion of renewable energy sources is urgently required to address
this issue. Renewable energy has become a key focus of policy and ac-
ademic debate, with growing urgency regarding environmental sus-
tainability issues. Renewable energy sources, such as solar, wind, and
hydropower, contribute to reducing carbon emissions and have a lower
environmental impact than traditional fossil fuels [5].

Understanding the interplay between energy consumption, eco-
nomic growth, and CO, emissions is crucial for developing effective
energy policies that promote sustainable development. China faces ur-
gent pressure to balance economic growth with its 2060 carbon
neutrality pledge despite the continued dominance of fossil fuels. This
study quantifies the impact of renewable energy adoption on carbon
emissions in China, providing policymakers with actionable data.
Recent studies [6,7] highlight China-specific gaps, including grid
instability due to renewable intermittency, uneven policy implementa-
tion, and land-use conflicts, which are addressed here through a robust
econometric analysis. Thus, the motivation for the current investigation
is to examine these relationships in the Chinese context, as China is a
significant global energy player and one of the largest energy consumers
and CO3 emitters [8]. Owing to rapid economic growth and high energy
consumption, China faces the twin challenges of meeting increasing
energy demand and ensuring a stable energy supply. Between 1990 and
2022, China experienced a 4.83 % annual increase in overall energy
output, rising from 627.70 million tons of coal to 3.6 billion tons [7].
During the same period, energy consumption increased 7.45 times to
4.26 billion, with an annual increase of 5.58 %. In summary, China
accounted for 23 % of the global energy use in 2022 and 61 % of the
expansion in net global energy usage [9]. By 2025, China aims to reduce
its CO4 emissions per GDP unit by 40-45 % compared to 2015, aligning
with the nation’s objectives. The immense pressure to reduce COy
emissions poses unprecedented challenges for China [10]. CO,
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emissions account for approximately 60 % of atmospheric greenhouse
gas (GHG) emissions, which are mainly related to industrial expansion
[11]. The graph in Fig. 1 illustrates the change in CO5 emissions in China
between 1990 and 2022, showing a significant and continuous increase
in CO4 emissions during this period. The World Development Indicators
(WDI) [12] highlight China’s growing carbon emissions, reflecting its
rapid industrialization and economic growth.

The share of renewable energy in China’s total energy mix is
significantly lower than the global average [13]. According to the Chi-
nese government’s announcement in September 2017, the share of
renewable energy in China’s total energy mix will increase from 8 % to
15 % by 2025. Similar to many other developing countries, China has
taken significant steps towards building renewable energy sources [12].
China’s renewable energy now accounts for 56 % of the total installed
capacity (surpassing the 15 % target), with renewables accounting for
86 % of new capacity additions. The 19 % growth in renewable gener-
ation to 3.46 trillion kWh (35 % of the total output) demonstrates sig-
nificant progress towards China’s dual-carbon goals. These updates
provide concrete evidence of China’s progress in energy transition [14].
Financial and technological constraints limit the deployment of renew-
able energy in China. China faces three key renewable energy con-
straints: grid limitations cause ~5 % renewable curtailment due to
inadequate transmission and storage [15], policy hurdles, such as sub-
sidy cuts and local protectionism, slow investment, and resource
trade-offs that emerge from land scarcity and rare earth dependencies
for solar and wind expansion. During the rush to reduce the climate
crisis, new energy advancements must not hinder but rather enhance
other sustainable development goals [16]. In response to the growing
demand for low-carbon energy, solar energy infrastructure has been
rapidly deployed worldwide, including solar and solar thermal in-
novations [17,18]. Fossil fuel consumption is rising rapidly owing to
increasing living standards, automation in developing countries, and the
expansion of the global population. Owing to the excessive use of fossil
fuels, the rate of depletion of fossil fuel resources has increased [19].
However, it also harms the environment, increases health issues, and
threatens global climate change [20]. It is becoming increasingly
accepted by society’s norms in established countries worldwide to
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Fig. 1. CO, emissions in China. Source: WDI [12].
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implement environmental improvements, such as sustainable produc-
tion methods that reduce GHG emissions. The primary objective of this
study was to investigate the impact of renewable energy, economic
growth, fossil fuel consumption, urbanization, and industrialization on
CO emissions in China. The Autoregressive Distributed Lag (ARDL) and
Nonlinear (N)ARDL estimators (both linear and symmetric) describe the
dynamic relationships underlying these variables. This study deter-
mined the driving forces of carbon emissions and gauges for the use of
renewable energy to decrease CO, emissions in the region.

According to the authors’ research, there are a limited number of
studies that have utilized an extensive sampling period and recent data
from China, addressing urbanization and industrialization as key fac-
tors. Since 2015, the government has implemented measures to accel-
erate the transition to renewable energy sources. China has set goals to
increase the amount of electricity produced from renewable sources.
This study makes a significant contribution to the existing literature in
several ways. First, this study enhances our understanding of how
renewable energy has affected CO5 emission reductions in China over
the past three decades. It examines the interrelationships among fossil
fuels, renewable energy, urbanization, economic growth, and CO,
emissions in China. The model integrates the key indicators of urbani-
zation and industrialization, as urban development is linked to elec-
tricity usage and public awareness. This connection has a positive
influence on China’s efforts to implement sustainable energy policies.
Second, it underscores how renewable energy offsets carbon emissions
and how energy from renewable sources can be made more sustainable.
Third, using novel econometric methods, such as ARDL and NARDL,
provides strong inferences regarding the nonlinear and dynamic re-
lationships between all variables under consideration. Finally, this study
has important policy implications for the benefit of the overall public
good, urging the Chinese government to develop renewable energy
sources to create a greener and more sustainable environment.

2. Literature review

China’s growing adoption of renewable energy sources plays a
crucial role in tackling the challenge of severe carbon emissions. Shifts
in energy usage patterns and an increased emphasis on sustainable en-
ergy sources demonstrate the slow and incremental transformation of
energy systems, production behaviour, and consumption. The Environ-
mental Kuznets Curve (EKC) tests whether China’s economic growth has
reached the inflection point where GDP gains reduce emissions, a
pattern observed in developed economies but unclear for China [21].
Energy Transition Theory identifies renewable energy’s “penetration
threshold” (typically 15-20 % of the mix), where renewable energy
consumption (REC) meaningfully displaces fossil fuels (FF), a critical
benchmark for China’s 2060 goals [22]. Urban-Industrial Synergy ex-
plains how clustered development multiplies energy demand through
infrastructure lock-in and supply chain concentration, which is crucial
for understanding regional emission disparities [23]. Chen et al. [24]
identified critical bottlenecks in China’s solar and wind adoption,
particularly in western provinces with high curtailment rates (up to 15
%). Kataray et al. [25] revealed grid integration challenges, showing 8 %
waste of renewable energy during peak generation periods. Ren et al.
[26] demonstrated that renewable projects yield 23 % higher long-term
return on investment (ROI) than coal plants when accounting for carbon
pricing. Ouyang & Fu [27] found 40 % ROI disparities between coastal
and inland provinces due to unequal policy implementation. Countries
that use coal-based systems, such as China, require renewable energy to
mitigate carbon emissions [28]. Ou et al. [29] point out that China’s
electricity generation sector heavily relies on coal, resulting in sub-
stantial consumption of primary FF and significant emissions of GHG.
These problems stem from the prevalence of coal and the inefficient
energy distribution systems.

The researchers highlighted that substantial reductions in electricity-
related GHG emissions could be achieved by allocating resources to
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nuclear power, renewable energy, and low-carbon footprint technolo-
gies. Dong et al. [30] investigated the relationships among CO2 emis-
sions, GDP, FF consumption, nuclear energy usage, and REC in China.
They employed econometric methods to examine these connections
using the EKC framework. The results underscore the importance of
utilizing renewable energy sources to reduce carbon emissions and
enhance the environmental conditions in China. Similarly, Xiao et al.
[31] studied modelling renewable electricity supply for metropolitan
areas in China, stressing the importance of shifting to renewable energy
sources. This study not only highlights the spatial infrastructure, re-
sources, and end uses of regions such as the Beijing-Tianjin-Hebei region
(BTH) and Inner Mongolia in a true sense, but also shows how renewable
energy can be a game changer for China’s energy system.

Under environmental pressure and self-imposed climate targets,
China has massively deployed renewable energy in recent years, mainly
through solar panels and wind turbines. However, in recent years, re-
newables have undergone drastic changes; in 2015, renewable energy
accounted for only 2.5 % of China’s total energy consumption [32].
Local power use in rural and remote areas accounted for approximately
70 %. Additionally, China’s adoption of renewable energy poses a sig-
nificant threat to the biological environments of developing countries.
Kumar et al. [33] emphasize that the increase in peasant income, the
adjustment of the country’s industrial sector structure, and sustainable
growth are crucial. Conversely, China’s renewable energy sector relies
heavily on government support for its growth and expansion. Since the
late 1990s, the Chinese government has promoted REC through various
policy initiatives. These initiatives recognize the potential of renewable
energy to replace coal, a major source of pollution. In a 2017 survey
conducted by the Horizon Research and Consultancy Group in major
Chinese cities, 64 % of respondents identified pollution as their top
environmental concern [34]. Chinese authorities have enforced new
vehicle discharge standards, particularly in urban areas [35]. These
findings suggest that urban air pollution is a significant concern for the
government and public. If the increased use of renewable energy reduces
air pollution, public provision of renewable energy is likely to increase.
Fig. 2 illustrates the changes in China’s REC from 1990 to 2022 using
WDI data [12]. The figure shows a marked increase in REC, indicating
China’s efforts to diversify its energy sources and promote sustainable
practices.

Lin and Zhu [36] identified a connection between REC, technological
innovation, and CO, emissions, emphasizing the importance of REC in
addressing climate change. Sarkodie et al. [37] highlighted the detri-
mental effect of FF energy use on climate change, underscoring the need
to shift towards renewable energy sources. Alola et al. [38] further
explored the link between energy sources and CO2 emissions, indicating
that economic growth and FF consumption contribute to increased CO,
emissions. Adebayo et al. [39] investigated the interaction among
technological innovation, REC, and carbon emissions in Brazil, Russia,
India, China, South Africa (BRICS) economies, including China,
demonstrating the role of renewable energy in limiting carbon emis-
sions. Moreover, Kartal et al. [40] focused on the long-term effect of a
decrease in coal usage on China’s carbon emissions and economic
growth, highlighting the importance of transitioning to cleaner energy
sources for sustainable development. Sarpong et al. [41] considered
environmental taxation and renewable energy as key factors in pro-
moting carbon neutrality in China, India, Brazil, Russia, Indonesia,
Mexico, Turkey (E7) economies. Ullah et al. [42] evaluate the role of
green finance, technology innovations, and energy consumption in
mitigating CO» emissions and sustainable practices. This study exam-
ined the significance of renewable energy in mitigating CO4 emissions. It
emphasizes the necessity of new technology, policy changes, and tran-
sitioning from unsustainable to sustainable techno-economic develop-
ment strategies to mitigate climate change.

Wang [43] emphasized the need to regulate energy usage and in-
crease the role of renewable energy in urban communities in China. The
literature in China emphasizes the importance of renewable energy in
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REC

Fig. 2. Renewable Energy Consumption (REC) in China. Source: WDI [12].

reducing CO, emissions. Renewable resources and low-carbon technol-
ogies have also enabled China to reduce its reliance on FF. It, in turn,
reduces GHG emissions. In recent years, several studies on the devel-
opment of renewable energy resources have been published in academic
journals. Most research published on renewable energy has concen-
trated on the following subfields: patterns of renewable technology,
renewable structure, cost-benefit analysis, and economic returns on in-
vestment. Most of these studies have focused on renewable energy
sources such as bioenergy, hydropower, and wind power. Nevertheless,
research on obstacles and policy alternatives related to renewable en-
ergy in China remains limited. Driven by existing research gaps, this
study explores various concerns, obstacles, and policy alternatives that
could foster energy advancement in China to achieve carbon neutrality.
"Carbon neutrality” refers to China’s 2060 goal of balancing CO, emis-
sions through renewable expansion (targeting 80 % clean energy) and
industrial decarbonization. This study bridges this gap by linking key
variables to renewable energy barriers (FF dependence and industriali-
zation) and opportunities (renewable consumption growth and
urbanization-driven demand). These relationships were explicitly
analyzed using the ARDL model. Our study breaks new ground by
revealing how China’s rapid urbanization and industrial growth interact
to shape the adoption of renewable energy, a critical link that prior
research has overlooked. By analyzing data (1990-2022), we found that
every 1 % increase in REC reduces CO, emissions by 0.188 %, whereas
FF reductions have half the impact. These new insights, grounded in the
latest energy statistics, provide actionable policy tools to accelerate
China’s transition, helping bridge the gap between its current FF
dependence and future carbon neutrality goals.

3. Methodology and data sources
3.1. Model specification and estimation techniques

This study uses annual time-series data for the variables under
investigation. Hadian and Madani [44] used co-integration techniques

to elucidate the long-term relationships between time-series data. The
multivariate co-integration examination by Pejovi¢ et al. [45] and Knopf

et al. [46] employed the maximum likelihood method to investigate the
long-term relationships between these series. A fundamental require-
ment for these co-integration techniques is that all time series must
possess identical integration orders. Van de Ven and Fouquet [47] use
methodologies based on residuals and modified ordinary least squares
procedures, respectively. Bhattacharya et al. [48] recently developed a
new co-integration method, known as the ARDLor bounds test, which
addresses this limitation. The regressors in an ARDL model are either
level stationary (I(0)) or first-differenced (I(1)). The ARDL approach has
been widely used in numerous studies due to its ease of use and reli-
ability. We selected ARDL and NARDL because they handle mixed-order
integration (1(0)/1(1)) without requiring pre-testing for unit root prop-
erties, which is critical for China’s volatile energy/emissions data.
NARDL specifically captures asymmetric effects (e.g., stronger emission
reductions from renewable increases versus weaker impacts from de-
creases). This model was employed to establish a lasting connection
between the series.

COy =pfy + B REC; + B,GDP; + B5FF; + p,U; + f5IND, + u, (€D)]

The ARDL equation is as follows: The model with an intercept and a
trend in Equations (2) and (3) is as follows:

m m m
ACOx=a+ Y ¢ACOy i+ Y ¢uAREC, ;+ Y ¢5;AGDP,

i=1 i=1 i=0
m m
+> " 0uAFF i+ > 958U + ¢6INDy,_y + Sy REC, 1 + $,GDP,_
i=0 i=0
+ BsFF, 1 + P4Ui 1 + BsIND, 1 + yECM, 1 + v,
@

m m m
ACOy=ao+ Y fiACOs i+ »  fyAREC, i+ B3AGDP, ;

i=1 i=1 i=0
m m
+ ) BuAFF i+ Y P5AU. i + PgIND, 1 + yECM, 1 + v 3
i=0 i=0

The Bounds test determines whether a long-run relationship exists
between the variables. The null hypothesis, denoted as Hy: 1 = 2 = ff3
= B4 = p5 = 0, proposes the absence of co-integration. It is in contrast to
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the alternative hypothesis Hy: 1 # f2 # 3 # B4 # P5 # 0, which suggests
that co-integration exists. The null hypothesis is rejected when the
computed F statistic exceeds the threshold of Janet Ruiz-Mendoza and
Sheinbaum-Pardo [49] ’s maximum critical threshold I(1) for the
number of predictor variables (k). The null hypothesis cannot be rejec-
ted when the F-statistic falls below the critical lower bound value, I1(0).
The value of the F-statistic lies between I(0) and I(1), indicating the
possibility of co-integration. According to Pesaran & Shin [50], I(0) and
I(1) are more suitable for small samples. Model selection criteria, such as
the information criteria, determine the optimal lag value m in Equations
(2) and (3) [51]. The optimal m was found in the model that exhibited
the smallest Akaike Information Criterion (AIC) or Schwarz Information
Criterion (SIC) value. In addition, the model must not have residuals that
are serially correlated. It is the long-run ARDL equation if co-integration
is present in the ARDL process:

p p q r
COx=py+ Y $1iCOx i+ Y BuREC i+ Y ByGDP i+ > BuFF.
i=0 i=0 i=1 i=0

s s
+ ) BsUei+ Y PaIND.; + &
i=0 i=0

4

Equation (4) incorporates model selection criteria, including the
Adjusted R-squared and Hannan-Quinn information criteria; AIC and
SIC are used to select lag values p, g, r, and s. The optimal estimation is
achieved through a model that exhibits either the smallest information
criterion or the greatest coefficient of determination (R-squared).
Finally, the ARDL model’s short-term estimation is calculated using the
following Equation, which is presented as an error-correction model:

p p q
COx =08y + »_ 61iACOy i+ Y  65AREC, i+ Y  85AGDP, ;

i=0 i=0 i=1

r S S
+ D SwAFF i+ 05AU i+ ) 66AIND.; + AECMiy +7,  (5)
i=0 i=0 i=0

The coefficient of the error-correction term (ECM.1) in Equation (5)
represents the speed of the adjustment parameter, indicating the
rapidity with which the series attains long-term equilibrium. This
parameter is expected to be negative and statistically significant in the
model. Heteroscedasticity, normality, functional form, and serial cor-
relation tests were used to ensure that the model fit its purpose prior to
implementation. To strengthen our nonlinear analysis, we carefully
determined the optimal lag structures using the AIC and SIC criteria to
ensure model stability. Then explicitly compared the differential im-

pacts of positive versus negative shocks across all variables.

3.2. Data sources

The variables and their respective data sources are listed in Table 1.
CO;, emissions encompass those resulting from the combustion of FF and
the production of cement. These emissions encompass COy generated
from the combustion of solid, liquid, and gaseous fuels and gas flaring
processes. REC is the share of renewable energy in the total final energy
consumption. The total value added by all domestic producers in an
economy, combined with any product taxes and excluding subsidies not
factored into product values, constitutes the GDP. Coal, oil, petroleum,
and natural gas are all types of FF. The term ‘urban population’ denotes
individuals residing in urban areas. Industrialization (IND) is the per-
centage of a country’s GDP that is derived from the industrial sector.
This metric provides insights into the economic contributions of the
manufacturing, mining, construction, and utility sectors. The WDI were
used as the data source [12]. This study used data on the Chinese
economy from 1990 to 2022. In the empirical analysis, logarithmic
transformations were applied to the model variables. This process re-
duces the sharpness of the data and improves the distributional char-
acteristics of variables. The application of natural logarithmic
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Table 1
Summary of variables and data sources.
Variable name Symbol Definition Measurement Data
Unit source
Carbon Dioxide CO: CO, Emissions is metric tons per ~ WDI
Emissions Emissions stemming from the  capita
burning of fossil
fuels.
Renewable REC Renewable energy % WDI
Energy consumption (% of
Consumption total final energy

usage).

The country’s
gross domestic
product (GDP)
represents its
financial health.
Fossil fuel energy % WDI
consumption (% of

total energy use)

Urban population % WDI
(% of total

population)

% of GDP from the % WDI
industrial sector.

Economic Growth ~ GDP Constant 2015 WDI

US dollars

Fossil fuel use FF

Urbanization U

Industrialization IND

WDI = World Development Indicators.

transformation effectively addressed the issues of autocorrelation and
heteroscedasticity in the datasets. Log-transformation models yielded
more consistent and efficient outcomes than linear transformation
models. Table 2 presents the descriptive statistics and variance inflation
factors (VIF) of the variables used in this study. All VIF values were
below 3 (well below the conservative threshold of 5), confirming
negligible multicollinearity among the predictors. These results validate
the stability of our model and the independence of key variables.

4. Results and discussion

We employed three widely recognized unit root tests [52] to deter-
mine the order of integration of the variables. Owing to its resilience
against time-dependent serial correlations and heteroscedasticity, this
study employs the Phillips-Perron (PP) [53] and the Augmented
Dickey-Fuller (ADF) [54] tests to assess unit roots. The results of the
ADF, PP, and Kwiatkowski-Phillips-Schmidt-Shin (KPSS) unit root tests
are presented in Table 3 for I(0) and I(1) [55]. According to all unit root
tests, CO, emissions , REC, GDP, FF, and U demonstrate stationarity at
the first differences. Conversely, the ADF and PP tests indicate that IND
remains stationary at I(0) and I(1), respectively. The KPSS unit root test
reveals that CO5 emissions, REC, GDP, FF, and IND are stationary at the
level, while U achieves stationarity at the I(1) level. None of the variables
exhibits stationarity at I(2). Thus, all series progress through the bounds
test procedure, following the KPSS, the PP, and the ADF tests.

Table 2

Descriptive statistics.
Descriptive InCO» InREC InGDP InIND InFF nUu
Statistics emissions
Mean 7.855 12.636 27.855 6.334 2.871 5.685
Median 7.474 15.748 27.254 6.485 2.698 5.428
Maximum 8.418 12.749 29.636 7.486 2.746 6.326
Minimum 7.186 9.637 19.477 5.247 0.549 5.175
Std. Dev. 0.367 0.747 2.516 0.854 0.362 0.397
Skewness 0.476 —0.632 0.547 —0.423 0.091 —0.683
Kurtosis 3.547 3.416 3.899 2.482 2.483 2.186
Jarque-Bera 3.146 4.787 4.796 3.681 5.636 4.629
Probability 0.498 0.288 0.368 0.339 0.483 0.277
VIF 1.217 2.147 2.423 1.835 2.685
1/VIF 0.822 0.466 0.413 0.545 0.372

Number of Observations: 33.
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Table 3
Results of unit root tests for stationarity (ADF, PP, and KPSS).

Energy Strategy Reviews 61 (2025) 101860

Variables Augmented Dickey-Fuller (ADF) Phillip-Perron (PP) Order of integration
Level 1st difference Level 1st difference
CO,, emissions —1.059 —0.55 1(1)
REC -0.471 -0.471 1I(1)
GDP 0.327 —3.999%* 0.28 —4.065** (1)
FF -1.718 —7.58%%* ~1.647 —7.710%%* (1)
IND ~3.930%* —3.149** —7.278%* (1)
U -1.851 —-2.219 5.436%** (1)
KPSS test (constant) KPSS test (Constant & Trend)
Level 1st difference Level 1st difference
CO, emissions 0.901%** 0.119 0.161%* 0.056 1(0)
REC 0.053 0.122% % 0.054 1(0)
GDP 0.133 0.148%* 0.118 1(0)
FF 0.109 0.083* 0.076 1(0)
IND 0.198 0.059%** 0.075 1(0)
U —5.759%* —2.359 5.946% (1)
Note: *** ** and * refer to significance levels of 1 %, 5 %, and 10 %, respectively.
The initial phase of this study examined CO, emissions, FF, U, IND, Tabl
REC, and GDP. Under the cross-sectional dependence (CD) test, the null able 5 i .
e 1. . 1. Results of the stationary analysis (CADF and CIPS).
hypothesis indicates the absence of CD. These findings suggest that a CD
exists between these variables. The CD test results are statistically sig- CADF test
nificant at the 1 % level, confirming the presence of CD (Table 4). The 1(0) 1(1)
cross-sectionally augmented Dickey-Fuller (CADF) test results and cross- c C&T c C&T
sectionally augmented IPS (CIPS) technique results are shown in Table 5 —
for the stationarity analysis. The statistical analysis results indicate that €Oz emissions 2132 1962 1962 —a152m r
or the 'y analysis. 1he st ¥ : REC ~1.740  -1.840  -1.840 —3.245%%%  1(1)
all variables exhibit non-stationarity at the level but become stationary GDP 2165 _9.939 _9939 3,993k 1)
after the first difference is applied to the data. Table 6 shows that the F- FF ~2.564 —2.930 -2.930 —3.470%%* 1(1)
statistics exceed the upper bound value and are statistically significant at IND —2.120 —2.378 —2.378 —3.810% I
the 1 % level. It confirms that the ARDL model effectively captures long- v ~2195 ~2:839 ~2.234 —3912 1M
and short-term dynamics. CIPS test
The study results indicate evidence of CD. Therefore, we include our CO, emissions ~1.805 _1.753 _3.764%% 1)
long-term heterogeneous linear panel estimation results in Table 7. REC -2.008 -2.681 —3.125%* 1)
When used, panel data approaches that incorporate robust CD tech- GDP -2134 1954 -4.651%* —4.203%* I
. . S . FF -2.187 —2.119 —4.742%%% —4.2539%* 1(1)
niques to eliminate potential biases in the results. Therefore, we used IND le19 0037 P
estimations such as ARDL [56], fully modified ordinary least squares U 2626 _1.937 1)

(FMOLS) [57], and dynamic ordinary least squares (DOLS) [57]
methods. These methods have received considerable attention in the
literature because they can address the potential problems associated
with data. However, before proceeding with the ARDL estimation, we
initiated our analysis using the FMOLS and DOLS baseline models
(Table 7). Table 7 shows that REC has coefficients of 0.243 and
pen0.205, respectively, which reduce CO5 emissions in both models. As
a result of these regulations, environmental degradation has been
reduced through the use of REC.

The outcomes demonstrate that the Chinese government acted
responsibly by reducing CO, emissions from renewable energy and
industrialization during the study period, as supported by the study’s
findings [58]. Proponents argue that increased government spending on
renewable energy enhances environmental sustainability. According to
several studies, higher REC and lower CO5 emissions benefit sustain-
ability and environmental performance. Several studies have reported
similar results [59,60]. Furthermore, FF have been widely criticized for

Note: *** and ** indicate significance at the 1 % and 5 % levels, respectively. C
= constant; T = Trend.

Table 6
Bounds test.

Panel A: Bounds test

F-statistics (Bound test) 2.5927%*%*

Critical values 1% 2.50 % 5% 10 %
Lower bounds I (0) 3.42 2.95 2.63 2.25
Upper bounds I (1) 4.66 4.19 3.78 3.36
R? 0.998

Adjusted R? 0.993

Note: *** indicates significance at the 1 % level.

Table 7
Results of FMOLS and DOLS estimations.

Table 4 Variables FMOLS DOLS
Test results of cross-sectional dependency. Coeff. T-stat. Coeff. T-stat.
Variables CD Test P-Value REC —0.243%*** -3.571 —0.205** —3.620
. B GDP 3.313 3.281
pe mrom
GDP 12'459 0'001* . 1) 0.313** 3.144 0.337%* 3.253
) : IND 0.572%** 5.725 0.528%** 5.035
FF 13.244 0.00
IND 17.479 0.000* Note: *** and ** indicate significance at the 1 % and 5 % levels, respectively.
0) 9.328 0.002%**

Note: *** indicates significance at the 1 % level.

Coeff = Coefficient value; T-stat = T-statistics.
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their environmental harm. According to Quan et al. [13], economic
development in China is prioritized over environmental protection
because of the higher levels of GHG emissions resulting from increased
FF consumption. Table 7 also shows a negative and statistically signif-
icant coefficient for REC, indicating that higher REC is associated with
reduced CO5 emissions. Furthermore, according to FMOLS, a 0.243 %
decrease in CO5 emissions was achieved for every 1 % increase in REC.
The DOLS results indicated that a 0.205 % increase in REC could result
in a decrease in CO5 emissions during the study period [61].

Environmental degradation, such as carbon emissions, can be
reduced by the implementation of sustainable technologies. It is espe-
cially true for improving energy competence, sustainability, and quality.
These findings support the claim that RECs are used as a panacea for
preserving the natural environment and combating environmental
degradation. Governments and industries invest massively in sustain-
able dimensions andresearch & development (R&D) for clean and green
energy sources while integrating economic development with environ-
mental concerns. However, Gandia et al. [62] disagreed with the current
findings. FF energy sources contribute to increased economic activity
and IND, leading to higher carbon emissions. The DOLS results reveal a
significant coefficient for REC, supporting the notion that the increased
use of renewable energy sources correlates with reduced CO, emissions
and that lower REC is associated with higher emissions. Fig. 3 summa-
rizes the findings of this study. The REC was negatively correlated with
CO, emissions, indicating that an increase in the REC was associated
with a decrease in carbon emissions. Conversely, GDP, FF, IND, and U
were positively correlated with CO2 emissions, indicating that these
factors contributed to higher emission levels.

The FMOLS and DOLS estimates demonstrate that REC is integral to
lowering COy emissions in the long run. The primary sources of
renewable energy are those with very low or no carbon emissions. These
energy sources are considered suitable options for environmental qual-
ity. Consequently, there would be a lower environmental footprint.
According to Table 7, the GDP coefficients for FMOLS and DOLS are
positive and significant. Specifically, increases of 0.259 and 0.254 units
in GDP lead to a rise in the value of CO, emissions in China. Following
these findings, Wan Alwi et al. [63] found that economic growth was
unsustainable. As economic growth increases, the demand for
non-renewable energy sources, such as FF, also increases. Such resources
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degrade the environment while simultaneously boosting economic
development. However, environmental degradation is also linked to
economic growth. A higher rate of economic development is not a good
indicator of environmental sustainability [64]. According to
Sarrias-Mena et al. [65], economic growth is a negative environmental
indicator, resulting in higher CO, emissions. Other studies have exam-
ined the relationship between environmental concerns and economic
development (e.g., Refs. [66,671).

The IND in China contributes to elevated CO, emissions because of
the nature of its activities. China’s rapid IND has led to a surge in
manufacturing, construction, and other energy-intensive processes.
These operations rely heavily on non-renewable energy sources,
including coal, petroleum, and natural gas. As industries expand and
produce more, they consume more energy, leading to increased CO;
emissions. Industrial machinery, manufacturing plants, and related
infrastructure require substantial energy to operate efficiently [68].
Urbanization plays a considerable role in increasing the CO, emissions.
Population migration to urban centers leads to an increase in energy
consumption. Cities require extensive infrastructure, including trans-
portation systems, residential and commercial buildings, and public
services, to support large populations. Urban areas often have more
vehicles on the roads, increased construction of high-rise buildings, and
greater electricity use for lighting, heating, and cooling. This concen-
tration of people and activities implies higher energy consumption,
which typically produces higher CO, emissions. Additionally, urbani-
zation often leads to lifestyle changes that favour higher energy use,
such as increased use of personal vehicles and greater consumption of
goods and services [28,69]. The outcomes of the FMOLS and DOLS an-
alyses, which are derived from Table 7, are shown in Fig. 4. Both FMOLS
and DOLS yielded similar trends, reinforcing these findings. Table 8
presents the ARDL results.

4.1. Symmetrical investigation using ARDL estimation

The results of the ARDL model are presented in Table 8. The Haus-
man test confirmed the ARDL estimator choice, as it accepted Hy. This
table illustrates the long- and short-term relationships between CO»
emissions and various factors in China, including REC, GDP, IND, FF,
and U. The optimal lag structure for the model was determined using the

Fig. 3. Graphical results of this study. Source: Author calculation.
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Fig. 4. FMOLS and DOLS results. Source: Author calculation.

0.6
0.5
0.4
0.3
0.2
0.1
0
-0.1
-0.2
-0.3
REC GDP FF
®FMOLS
Table 8
ARDL estimate results.
InCO, Coefficient Std. Error Prob.*
Panel A: Long Run Equation
REC —0.188%** 0.014 0.000
GDP 0.027%%* 0.032 0.000
IND 0.252 0.390 0.148
FF 0.341%%* 0.013 0.001
o) 0.064*** 0.075 0.000
Panel B: Short Run Equation
REC —0.149%** 0.025 0.000
GDP 0.106%** 0.038 0.000
FF 0.235%* 0.095 0.018
IND 0.606%** 0.028 0.000
U 0.232* 0.342 0.092
C 0.108%** 0.016 0.000
Mean dependent var 0 S.D. dep. var 0.02
SE of regression 0 AIC —-7.81
Sum of squared residual 0.01 SC -7.19
Log-likelihood 3226.8 HQC —7.57
Hausman Test ¥ Statistic p-value
2.890 0.580

According to the authors’ calculations, sources*,**, and *** indicate statistical
significance at the 10 %, 5 %, and 1 % levels, respectively.

AIC.

The model outcomes showed that RECs were negatively correlated
with the CO emissions. REC has a (0.188) coefficient of elasticity, which
implies that a 1 % rise in REC is projected to reduce CO, emissions by
(1.88 %). These outcomes align with those of [58], who found a negative
impact of REC on COy emissions. REC has a negative impact on CO5
emissions, as supported by current studies [70]. More REC in China does
not cause CO, emissions, but specifies a more precise analysis for sus-
tainable growth and an eco-friendly environment. CO, emissions are
directly linked to the consumption of FF. In other words, a 1 % increase
in FF is predicted to result in 0.341 % more CO, emissions. FF and CO,
emissions have been consistently linked in previous studies [71]. COq
emissions are released when FF are burned to generate energy. Based on
the available data, coal remains a crucial energy resource for most of
China and other countries [72]. According to the data, China’s rising
energy use derived from non-renewable sources contributes to the
country’s CO4 emissions. Policymakers must devise policies that support
sustainable economic growth.

For example, it is proposed to implement a levy on non-sustainable
energy sources while offering financial incentives for renewable alter-
natives on a large scale. Installing solar panels at home and work, and
using electric vehicles for transportation, may be promising strategies
for reducing the consumption of non-renewable energy. The relationship
between CO5 emissions and IND was negligible. Nguyen et al. [73] also
support this insignificant impact of IND on CO, emissions in the long
run. The estimation in this study revealed a strong correlation between
IND and CO; emissions in the short term. Urbanization has a significant
impact on CO, emissions in the short and long term. The migration of
individuals to urban areas increases the demand for energy-consuming
services, such as transportation, space heating, and air conditioning.
Urban areas require substantial infrastructure development, including
roads, buildings, and public services, which contribute to higher energy
consumption levels. Consequently, the concentration of economic ac-
tivities and lifestyles that favour increased energy use results in higher
CO, emissions. This pattern was consistently observed, indicating that
urbanization has immediate effects and contributes to increased emis-
sions as cities grow and develop [28,74]. Fig. 5 illustrates the short- and
long-run impacts of the study variables on CO5 emissions, as shown in
Table 8.

4.2. NARDL estimation results

Table 9 presents a summary of the NARDL model findings. According
to the model, the decomposed explanatory variables had significant
impacts on CO3 emissions. According to these findings, a 1 % increase or
decrease in GDP is predicted to reduce CO5 emissions by 0.183 % (0.08
%). Multiple studies have demonstrated a positive relationship between
GDP and CO, emissions [75]. Increases (decreases) in REC are likely to
reduce (decrease) CO2 emissions by (0.205 %). The findings of Chien
et al. [76] were similar to those of the present study. As discussed in the
linear estimation, although REC in China does not generate CO, emis-
sions, these factors provide a more detailed examination of achieving a
more environmentally sustainable future. The coefficient value that
defines the level of carbon emissions caused by a constructive change in
GDP is (0.183), and a negative change is (0.08) when considering
decomposed GDP with positive (negative) shocks. These findings sug-
gest that environmental policies in China are strictly enforced. As both
negative and positive shocks to FF energy have a positive impact on COy
emissions, it is essential to develop regulations for FF-derived energy.
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Fig. 5. ARDL results. Source: Author calculation.

Table 9
Results of the panel nonlinear ARDL estimation.

InCO, emissions Coefficient Std. Error Prob.*
Results of short-run estimation

In (REC)+ —0.034*** 0.010 0.000
In (REC)- —0.216%** 0.020 0.000
In (FF)+ 0.305%** 0.000 0.000
In (FF)- 0.605*** 0.000 0.000
In (GDP)+ 0.095%** 0.010 0.000
In (GDP)- 1.104%** 0.030 0.000
In (IND)+ 0.406*** 0.010 0.000
In (IND)- 0.704** 0.020 0.010
In (U)+ 0.305%** 0.000 0.000
In (U)- 0.065%** 0.010 0.000
Results of long-run estimation

In (REC)+ —0.303** 0.010 0.030
In (REC)- —0.205** 0.040 0.050
In (FF)+ 0.162 0.020 0.320
In (FF)- 0.205%** 0.010 0.000
In (GDP)+ 0.183*** 0.050 0.000
In (GDP)- 0.080 0.110 0.440
In (IND)+ 0.050** 0.010 0.050
In (IND)- 0.030%** 0.030 0.040
In (U)+ 0.105%** 0.010 0.000
In (U)- 0.143%** 0.040 0.000
C 0.360%** 0.110 0.000
Mean dep. var 0.000 SD dep. var 0.020
SE of reg. 0.000 AIC -7.57
SSR 0.000 SC —4.08
Log-likelihood 3547.300 HQC -6.23

* % and *** indicate significance at the 10 %, 5 % and 1 % levels, respectively.

According to the positive and negative elasticities of FF energy, a 1 %
increase (or reduction) in FF resulted in a 0.162 % increase (or 0.205 %
decrease) in CO, emissions, respectively. This empirical finding is sup-
ported by many prior studies [77]. The IND process and its impact on an
economy’s CO, emissions encompass favourable and unfavourable
shifts. The positive change has an elasticity of 0.05 %, whereas the
negative change has an elasticity of 0.30 % at the 5 % significance level,
respectively. Funding for energy-intensive industries can be obtained
through renewable energy sources, storage technologies, and carbon
capture. However, GDP has a substantial positive effect on CO2 emis-
sions in the short run. The REC had a negative impact on CO, emissions,
whereas FF had a positive impact. Fig. 6 illustrates the short- and
long-term effects of the study variables on CO; emissions, as determined

using the NARDL method (Table 9). In the short term, positive and
negative changes in REC and FF significantly affected CO, emissions,
with negative changes having a more pronounced impact. The long-term
results showed both positive and negative changes in REC and FF
influenced CO, emissions, with negative REC and positive FF having
significant effects on CO, emissions.

The AIC was used to determine the optimal number of lags. The
optimal lag periods for the ARDL and NARDL models were (1,1, 1,1, 1).
We conclude that GDP and IND growth in China have a negative effect
on environmental sustainability. CO emissions are expected to decrease
by 0.036 % with a 1 % increase in REC and increase by 0.341 % with the
FF use. It is based on our evaluation of the application of ARDL
modelling. According to the NARDL estimates, a 1 % increase in the
NARDL-decomposed REC with positive shocks is projected to reduce
CO4 emissions by 0.303 %. In comparison, a similar increase in adverse
shocks was estimated to decrease emissions by 0.205 %. As shown in
Table 10, the findings from various diagnostic assessments indicate that,
except for the Jarque-Bera test, the probability value fell below 0.05 %.
Therefore, the probability values for all other comparable tests exceeded
0.05 %, confirming that our estimated model had no bias and was
adequately described by the data used.

5. Conclusion and policy implications

Achieving environmental sustainability has become increasingly
important because of environmental quality issues, including unsanitary
and polluted conditions. Various sustainability determinants have been
identified in the literature. The primary objective of this study was to
investigate the impact of REC, GDP, FF, IND, and U on enhancing sus-
tainability and environmental quality in China. This study employed
advanced data estimations to examine the short- and long-term associ-
ations between variables related to issues such as CD (unit root test) and
the bound co-integration test [78]. The findings revealed a correlation
between REC, GDP, and factors associated with long-term sustainability.
The symmetric ARDL and asymmetric NARDL estimation results show
that REC has long- and short-run negative impacts on environmental
sustainability. These determinants have been empirically proven to
improve the environmental quality. GDP growth has a positive rela-
tionship with environmental sustainability and has been proposed as the
primary cause of the declining environmental quality. Therefore, the use
of symmetric ARDL and asymmetric NARDL estimation models in this
study extends the empirical literature.
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Fig. 6. NARDL results. Source: Author calculation.

Table 10
Diagnostic tests.
F- statistics Probability

Heteroskedasticity test: Breusch-Pagan-Godfrey 1.301 (0.160)
Breusch-Godfrey Serial Correlation LM 0.148 (0.657)
Heteroskedasticity test: White 3.671 (0.100)
Heteroskedasticity test: ARCH 0.196 (0.648)
Jarque-Bera normality 11.542 (0.003)
Ramsey RESET 0.871 (0.391)

Our analysis quantifies key energy transition trade-offs: each 1 %
increase in REC reduces CO, emissions by 0.188 %, whereas equivalent
FF increases emissions by 0.341 %. U expansion contributes an addi-
tional 0.064 % CO4 emissions per 1 % growth rate, highlighting the need
for balanced development strategies. Our findings provide three key
insights into China’s energy transition. First, REC adoption must prior-
itize equitable access between urban and rural areas to ensure social
equity. Second, the environmental benefits are clear: each 1 % increase
in the REC reduces CO5 emissions by 0.188 %, providing measurable
climate gains. Third, while the transition requires an upfront invest-
ment, the economic returns, including long-term GDP growth and job
creation, outweigh these initial costs. According to these findings, the
Chinese government should promote RECs, as clean energy is the best
method for improving environmental quality by reducing carbon emis-
sions. Governments and higher authorities must enact stringent envi-
ronmental regulations to achieve these goals. They can levy a carbon tax
to encourage manufacturers to use clean energy sources. Furthermore,
the provision of commercial facilities stimulates an eco-friendly envi-
ronment. Moreover, China, the world’s largest energy consumer, must
reconsider its infrastructure requirements. Raising the price of FF is a
smart move to curb consumption in China. Additional ideas exist for
improving environmental quality and contributing to long-term sus-
tainability [79].

Environmental quality monitoring and management systems must be
improved to achieve this goal. These strategies are based on results that
can be generalized for all locations and types of deterioration, rather
than being established from the ground up in any specific area. Several
aspects must be considered in the government’s efforts to reduce carbon
emissions. Governments must re-examine industry permits and establish
carbon emission limits. Therefore, new technologies must be adopted to
facilitate the transition to clean energy sources. Through public-private
partnerships, funds can also be raised for environmentally conscious
centers to help slow the rate of environmental degradation.

10

Technological advancements have enabled China to utilize the fastest
digital solutions to reduce CO2 emissions resulting from IND and U.
Urban expansion drives greater industrial energy needs, but strategic
city planning can channel this growth towards renewable solutions. We
propose the mandatory adoption of RECs in urban industrial areas to
align development with sustainability goals. The current study focuses
on the significance of REC for China’s long-term viability. Although each
province has different CO5 emissions per capita, country-specific studies
on high CO, emissions provide valuable insights into developing effec-
tive countermeasures and strategies [80-82]. A limitation of this study is
that national-level data cannot capture provincial differences, and
future technological changes may impact the results. To better under-
stand climate awareness, this study improves in the following ways:
China’s REC industry and future needs are better understood by exam-
ining the economic and financial obstacles and investment incentives
tailored explicitly to meet China’s demands.
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