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ABSTRACT

The rapid expansion of transport infrastructure during economic development has led to significant increases in
carbon emissions, particularly in developing countries. However, the relationship between different transport
modes and carbon emissions across development stages remains unclear. This study examines the relationship
between the relative improvement of railways to roads (RPR), economic growth, and transport carbon emissions,
aiming to verify the Environmental Kuznets Curve (EKC) hypothesis in China’s transport sector. Using an ARDL
model and bounds testing approach, we analyze Chinese data from 1978 to 2021. The bounds test confirms a
long-term cointegration relationship among RPR, GDP per capita, and transport carbon emissions. Both long-
term and short-term analyses support the EKC hypothesis, indicating an inverted U-shaped relationship be-
tween economic growth and per capita transport carbon emissions. The impact of RPR on per capita transport
carbon emissions is significantly positive in both the long and short term. The error correction term shows that
approximately 41 % of short-term disequilibrium is corrected within a year, further confirming the long-term
relationship between variables. Diagnostic tests and stability analysis ensure the reliability of the model re-
sults. The study reveals that the impacts of transport demand, infrastructure investment, and technological
progress on carbon emissions vary across different stages of economic development. These findings suggest that
developing economies should adopt a dynamic approach to transport infrastructure planning, with early prep-
aration for railway development to avoid carbon emission lock-in effects. For sustainable development, poli-
cymakers should align infrastructure investment priorities with economic development stages while promoting
cross-regional coordination in transport planning.

1. Introduction

and economic development [8-10]. Land transportation infrastructure
is typically categorized into two types: roads and railways, each pro-

The influence of transportation on CO2 emissions has been thor-
oughly explored in numerous studies [1-5]. Nearly one-fourth of global
CO2 emissions related to energy stem from transportation, and its
emission growth rate outpaces other energy sectors [6,7]. Despite the
recognized economic benefits of a vibrant transportation sector, these
gains come at the cost of environmental degradation.

Undoubtedly, the expansion of road infrastructure networks en-
hances transportation services, promotes economic development, and
boosts GDP growth. This is primarily because transportation facilities
create routes for the access, transport, and distribution of goods and
services, leading to reduced travel time and fostering industrialization
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moting economic growth through distinct mechanisms. Roads notably
influence local economies by encouraging the concentration of human
capital and the clustering of industries [11]. Land transportation infra-
structure comprises two main types: roads and railways. Their mecha-
nisms for promoting economic growth differ significantly. Roads have a
more pronounced impact on economic growth than railways, particu-
larly in the process of urbanization, where the influence of roads con-
tinues to strengthen [12]. Investments in roadway infrastructure may
potentially generate more substantial economic benefits in comparison
to railway investments, primarily due to their impact on industries such
as automotive manufacturing, alternative transportation equipment
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production, construction, and road transportation services [13,14]
Conversely, high-speed railways significantly contribute to economic
growth on a broader scale, mainly by driving industrial and commercial
development [15,16].Regarding environmental impacts, railways and
roads also differ significantly [17]. Specifically, in terms of greenhouse
gas emissions, rail transportation emits less than road transportation
[2]. The energy intensity for rail freight is 0.1694 MJ per ton-kilometer,
while for road freight, it is 1.7 MJ per ton-kilometer. Nevertheless, the
rail equipment sector’s energy intensity, at 15.05 tons of standard coal
equivalent per ten thousand yuan, significantly exceeds that of the
automotive manufacturing industry, which stands at 4.86 tons of stan-
dard coal equivalent per ten thousand yuan. Therefore, without further
literature to support, it is challenging to definitively conclude which
mode of transportation has a lower or higher carbon footprint
throughout the entire investment and operation process [13].

The Kuznets Curve hypothesis has been extensively used by scholars
to investigate a range of issues related to economic growth, with the
Environmental Kuznets Curve (EKC) being especially prominent [18,
19]. Since the pioneering work of Grossman and Krueger [20], the EKC
hypothesis has been empirically examined across numerous countries
and regions, employing various environmental indicators and econo-
metric methods [21-24].The EKC hypothesis has also been extensively
studied in the transportation sector. Incorporating transportation issues
into the EKC analytical framework provides insights into the environ-
mental impacts of transportation and the potential for achieving sus-
tainable development through policy implementation. It also offers a
perspective on the environmental impacts of different regions and
transportation modes in relation to economic growth [25-30].

Globally, research on the EKC hypothesis in the transportation sector
has yielded diverse findings across different countries and regions. In
developed economies, Alshehry and Belloumi analyzed Saudi Arabia’s
transport sector from 1971 to 2011, finding evidence of a unidirectional
causality running from economic growth to transport energy consump-
tion [31]. Similarly, Churchill et al. examined OECD countries and found
strong support for the EKC hypothesis in the transport sector, though the
turning points varied significantly across countries [32]. In developing
economies, Saboori et al. investigated Malaysia’s road transportation
sector from 1980 to 2009, revealing a non-linear relationship between
economic growth and transport CO2 emissions that followed an inverted
U-shaped pattern [33]. A comprehensive study by Pablo-Romero et al.
covering 27 EU countries demonstrated that the relationship between
transport energy consumption and economic growth exhibited different
patterns across member states, with some showing evidence of decou-
pling while others maintained a strong positive correlation [34]. Addi-
tionally, research by Ahmed et al. focusing on newly industrialized
countries revealed that the nexus between transport-related emissions
and economic growth was significantly influenced by factors such as
energy efficiency improvements and technological innovation [35].

Due to China’s swift economic growth and urbanization, its energy-
related carbon emissions now represent nearly one-third of the global
total, positioning it as the largest contributor to carbon dioxide emis-
sions worldwide [36,37]. The Environmental Kuznets Curve (EKC)
concept has garnered significant attention in academic literature,
especially regarding CO2 emissions in China. Existing research has
explored the complex dynamics of the EKC phenomenon in the context
of China’s carbon emissions, taking into account a range of influencing
factors, including levels of economic development [38,39], urbanization
processes [40,41], technological advancement [42], and regional dis-
parities [43]. These studies have provided empirical evidence for the
presence of the EKC in relation to CO2 emissions in China from multiple
analytical perspectives. On the other hand, studies incorporating the
transportation sector into the EKC framework have become increasingly
common [44,44-46]. Studies on the Environmental Kuznets Curve
(EKC) within China’s transportation sector highlight its complexity and
regional variations. Guo et al., through an analysis of provincial panel
data from 1997 to 2016, identified an inverted U-shaped correlation
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between per capita GDP and carbon emissions from the transportation
sector (TSCE), providing support for the EKC hypothesis [47]. However,
the economic factors influencing TSCE varied across different regions,
indicating the need for targeted policies to achieve low-carbon devel-
opment. In contrast, Liu et al. conducted a broader geographical study,
including China, Turkey, India, and Japan. Their findings indicated that
the effects of per capita GDP, along with its squared and cubic terms, on
per capita CO2 emissions aligned with an N-shaped EKC hypothesis,
differing from the simple inverted U-shaped relationship. This study also
highlighted the impact of transportation infrastructure investments on
environmental degradation, noting that investments in road and avia-
tion infrastructure negatively impacted the environment, while in-
vestments in railway infrastructure had positive effects [48]. Hou et al.
examined China’s transportation sector using the Tapio decoupling
elasticity model and the EKC model, analyzing data from 2005 to 2020.
Their findings revealed that most provinces showed an inverted U-sha-
ped decoupling trend, further validating the EKC hypothesis in China’s
transportation industry [49]. However, not all research agrees on the
EKC’s universal applicability in this context. As an illustration, research
conducted by Peng, utilizing panel data from 30 provinces spanning
2001 to 2016 and employing exploratory spatial data analysis (ESDA) in
conjunction with an augmented STIRPAT model, failed to uncover evi-
dence supporting the Environmental Kuznets Curve (EKC) hypothesis
within China’s transportation sector during the examined timeframe
[501.

While existing literature has extensively examined the Environ-
mental Kuznets Curve (EKC) in the transportation sector, several critical
research gaps remain unaddressed. Previous studies on the EKC for
transportation in China, despite employing various methods and vari-
ables, have yet to fully account for the comprehensive effects of road and
railway infrastructure development on transportation carbon emissions.
Most studies treat transportation infrastructure as a homogeneous entity
or examine road and railway systems separately, overlooking their dy-
namic interplay during different stages of economic development.
During the economic development process, the demand for different
transportation modes evolves with development stages - in early phases,
low urbanization levels and high demand for human capital concen-
tration drive road expansion, while later stages see increased railway
development due to growing industrial and commercial needs [11].

This study makes several novel contributions to address these
research gaps. First, we introduce an innovative analytical framework
by incorporating the ratio of relative improvements in railways versus
roads (RPR) into the EKC model, as proposed by Zheng [11]. This
approach captures how the ratio of road to railway supply may exhibit
an inverted U-shaped curve with GDP growth and urbanization,
potentially leading to corresponding changes in transportation carbon
emissions. Second, we examine both the long-term equilibrium rela-
tionship and short-term dynamics among RPR, economic growth, and
transportation carbon emissions, offering a more comprehensive un-
derstanding of these complex interactions. Third, our study provides
empirical evidence from China, where rapid economic growth and
massive transportation infrastructure investment make it an ideal case
for examining these relationships.

Specifically, this study addresses the following research questions:

a. Do the relationships among RPR, economic growth, and trans-
portation carbon emissions conform to the EKC hypothesis?

b. What are the long-term interactions among RPR, economic
growth, and transportation carbon emissions?

c. What are the short-term interactions among RPR, economic
growth, and transportation carbon emissions?

The remainder of this paper is structured as follows. This research
commences with an introductory section and a concise review of exist-
ing literature to identify gaps in current knowledge. Section 2 presents a
comprehensive literature review and develops the research hypothesis.
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The third section delineates the econometric methodology employed.
The fourth section presents the empirical findings and provides a
comprehensive discussion. The final section concludes the study,
emphasizing its significance and implications.

2. Kuznets theory of relative improvements between roads and
railways, transport carbon dioxide and GDP: literature review
and hypothesis development

2.1. Literature review on Environmental Kuznets Curve (EKC) and
transportation

The Environmental Kuznets Curve (EKC) hypothesis, since its
emergence in the 1990s, has established itself as a fundamental frame-
work in environmental economics for understanding the nexus between
economic development and environmental degradation. While early
investigations concentrated on validating the EKC hypothesis through
aggregate emissions analysis [51,52], contemporary research has
evolved toward more nuanced, sector-specific examinations, with
particular emphasis on the transportation sector due to its dual role as an
economic driver and significant environmental polluter.

The empirical evidence supporting the EKC hypothesis in the trans-
portation sector has been substantial and multi-faceted. A comprehen-
sive analysis of OECD countries spanning 1990-2019 revealed robust
support for the hypothesis, while also highlighting the heterogeneity in
turning points across nations at different developmental stages [53].
This heterogeneity has been further illuminated by recent studies of G7
economies (1990-2019), which have expanded the traditional
economic-environmental framework by incorporating human develop-
ment indicators. These studies demonstrate that enhanced human
development correlates with reduced pollution emissions, suggesting a
more complex interplay than previously understood through purely
economic metrics [54]. This finding aligns with prior research empha-
sizing the significance of institutional quality and social development in
environmental outcomes [21,23].

The role of technological advancement and energy transition has
emerged as a critical dimension in recent literature. Studies across
diverse geographical contexts have demonstrated that renewable energy
adoption significantly contributes to air quality improvement and car-
bon emission reduction [54,55]. In the transportation sector, this
transformation is particularly evident in the increasing electrification of
public transport systems and the adoption of alternative fuel technolo-
gies [56]. Regional analyses have provided valuable insights into the
contextual variations of the EKC relationship. Research conducted in
Visegrad countries (1990-2018) has not only confirmed the classic EKC
pattern but also emphasized the crucial role of energy consumption
patterns [57]. Similar patterns, albeit with varying turning points and
relationship intensities, have been observed in studies of Asian [58] and
Latin American economies [59].

A significant development in recent literature has been the exami-
nation of Foreign Direct Investment’s (FDI) impact. While earlier de-
bates centered on the dichotomy between the pollution haven
hypothesis and pollution halo effect [60], recent evidence increasingly
favors the latter, particularly in jurisdictions with robust environmental
regulations [54,57]. This suggests that international investment can
serve as a catalyst for technological transfer and environmental best
practices in the transportation sector [61].

The urban dimension of transportation-related environmental im-
pacts has gained increasing scholarly attention. Research has demon-
strated that urbanization patterns significantly influence transportation
emissions, with compact urban development generally associated with
lower per capita emissions [62,63]. This relationship has been particu-
larly well-documented in metropolitan areas through studies of public
transportation investment and emission patterns [64]. Methodological
advancements have enabled more sophisticated analyses of these re-
lationships, with panel quantile regression approaches revealing
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variations in the EKC relationship across different emission levels [65],
and spatial econometric methods highlighting the significance of
geographic spillover effects in transportation-related emissions [66].

2.2. Theoretical framework and research hypotheses development

There are three theoretical explanations for the Kuznets curve hy-
pothesis concerning transport carbon dioxide emissions, which are
influenced by relative improvements between roads and railways: the
economic activity scale effect, the transportation structure transition
effect, and the emission reduction technology effect.

The economic activity scale effect posits that as income levels rise
during early economic development, transportation demand increases
[67]. In the initial phase, population tends to be concentrated in specific
regions, leading to localized production and commercial activities.
Consequently, short-distance travel suffices for most trade and business
needs, favoring road transportation due to its flexible accessibility and
relatively lower construction costs. This results in rapid growth of road
mileage and a sharp increase in transport carbon emissions. As the
economy further develops and urbanization accelerates, inter-regional
trade and activities diversify, increasing the demand for long-distance
transportation of people and goods. This, in turn, drives the need for
high-mobility land transport systems such as highways and railways
[11]. Investment in large-scale infrastructure like railways increases,
leading to rapid growth in railway mileage. Given that railway transport
typically has lower carbon emissions per unit of transportation
compared to road transport, the decline in the road-to-railway mileage
ratio could potentially decelerate the increase in transportation-related
carbon emissions.

The effect of the transportation structure shift indicates that in the
initial stages of economic development, due to the limitations of life and
production, short-distance travel demands dominate, primarily served
by high-carbon-emitting road transportation. As the economy develops
and urbanization progresses, the demand for long-distance personal
travel increases, gradually revealing the scale effects and speed advan-
tages of railways [68]. This leads to a shift in the transportation structure
towards low-carbon railway transport, potentially slowing the growth of
transport carbon emissions. However, at a highly urbanized stage, the
agglomeration effects brought about by railways may widen the gap
between central cities and surrounding areas, and increased urban
congestion may once again raise the demand for road transportation,
potentially causing carbon emissions to rise again.

The emission reduction technology effect refers to the supply-side
perspective. At the initial stages of economic development, govern-
ments with constrained public infrastructure budgets tend to prioritize
economic growth by directing investments toward the more cost-
effective construction of roads to promote development [69]. As eco-
nomic strength increases, governments become capable of investing in
large-scale railway construction and allocating more resources to
enhance mobility systems. Simultaneously, as the economy reaches a
certain level, societal demand for environmental quality increases, and
governments become capable of investing in clean energy and
low-carbon technologies. This includes developing electric vehicles,
improving fuel efficiency, and promoting clean energy sources. The high
versatility and powerful transport capacity of railway systems meet the
large-scale, high-demand transportation needs for both people and
goods, thereby improving productivity and promoting higher levels of
economic performance. Moreover, the increasing electrification rate of
railways further reduces carbon emissions per unit of transportation
[13]. These factors together might result in a deceleration or even a
reduction in the growth rate of transportation-related carbon emissions.

Drawing upon the theoretical framework outlined above and syn-
thesizing insights from the extant literature, this study advances three
interconnected hypotheses that collectively examine the dynamic re-
lationships between economic development, transportation infrastruc-
ture, and environmental outcomes in China:
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H1: There exists an inverted U-shaped relationship between eco-
nomic growth and transport carbon emissions in China, consistent
with the Environmental Kuznets Curve hypothesis.

H2: The road-to-railway mileage ratio (RPR) has a significant posi-
tive impact on transport carbon emissions in both short-term and
long-term periods.

H3: There exists a stable long-run equilibrium relationship among
economic growth, transport infrastructure development, and carbon
emissions.

3. Econometric methodology
3.1. Data, variables and model

Drawing from recent empirical studies [70,71], we can explore the
long-term relationship between improvements in road and railway
infrastructure, transport-related CO: emissions, and economic growth
through a quadratic model. To validate the EKC hypothesis, we define
and employ the following equation:

TCOy = By + pRPR, + p,PGDP, + 3,PGDP2, + ¢, 6h)

In Eq. (1), RPR represents the ratio of road to railway mileage, PGDP
denotes the per capita Gross Domestic Product (in constant 2005 US
dollars), PGDP2 is the square of PGDP, and TCO: refers to per capita
carbon dioxide emissions (measured in tons per capita).

To strengthen the robustness of our analysis and test the EKC hy-
pothesis, we transform the linear equation into its natural logarithmic
equivalent. Compared to linear models, log-linear specifications often
yield more consistent and efficient results. Moreover, this trans-
formation helps increase the stationarity of the variance-covariance
matrix [72]. Consequently, Eq. (1) is reconstructed as follows:

INTCO4, = B, + B4 InRPR, + f,INPGDP, + p5InPGDP2, + ¢, )

In the equation, coefficientsf;, f, and p; denote the impacts of
relative improvements between roads and railways, GDP, and its
quadratic term on transport CO2 emissions, respectively. The term & is
regression error term, while g, is the intercept for the model. For the
EKC hypothesis to hold in model (2), g, and f, should be positive, while
B should be negative.

This study analyzes the relationship between transport-related CO:
emissions, economic development, and transportation infrastructure in
China using annual data from 1978 to 2021. Our analysis primarily fo-
cuses on three key variables derived from authoritative sources. The
World Development Indicators (WDI) database of the World Bank pro-
vides two essential metrics: transport CO2 emissions per capita (TCO2),
which captures emissions from fuel combustion across various trans-
portation modes including road, rail, domestic aviation, and domestic
navigation; and per capita GDP (PGDP), measured in constant 2005 US
dollars to account for inflation and enable temporal comparisons. The
third crucial variable, the road-to-railway mileage ratio (RPR), is
calculated using comprehensive transportation infrastructure data from
the China Statistical Yearbook, encompassing both road networks (from
highways to substandard roads) and railway systems (both electrified
and non-electrified tracks).

To ensure robust analysis and accurate per capita calculations, we
incorporate supporting data from additional reliable sources. Population
statistics are drawn from the China Statistical Yearbook, while detailed
transport infrastructure data from the same source provides deeper in-
sights into the evolution of China’s transportation network. We also
utilize supplementary economic indicators from the WDI database to
provide broader context for our analysis of China’s transport-related
emissions and economic development patterns.

3.2. Unit root tests

Stationarity is a crucial property in time series analysis. However,
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many economic variables exhibit non-stationary behavior, where mean
and variance change over time. Such variables are known as unit root
variables [73].

Employing traditional approaches like Ordinary Least Squares (OLS)
with non-stationary data can lead to biased and unreliable estimates. To
overcome this issue, our study employs two widely accepted unit root
tests: the Augmented Dickey-Fuller (ADF) test [74] and the
Phillips-Perron (PP) test [73]. The ADF test expands on the standard
ADF test by incorporating additional lagged differenced terms of the
dependent variable to mitigate autocorrelation effects. It evaluates the
null hypothesis of unit root presence in the time series data against the
alternative hypothesis of data stationarity. The test follows the regres-
sion equation:

AY, =a+pt+yY 1 +01AY 1 + ... + 5 1AY, , + 1+ ¢ 3)

Where Y, is the variable of interest, a is a constant, p represents the
coefficient of the time trend, p denotes the lag order of the autore-
gressive process, and ¢ is the error term.

Conversely, the Phillips-Perron test utilizes nonparametric tech-
niques to address serial correlation in error terms without necessitating
the inclusion of lagged difference terms. The PP test is founded on the
following regression equation:

Yt=a +pY, ., +& ()]

Where Y, is the variable being tested, « is the intercept, p is the co-
efficient of Y,_;, and ¢, is the error term.

3.3. Cointegration method

The cointegration method is a statistical approach employed in
econometrics to identify long-run equilibrium relationships among non-
stationary time series variables, with various methodologies developed
over time, including the residual-based approach [75], the modified
ordinary least squares procedure by [76], and the Vector Error Correc-
tion Model (VECM). While VECM is commonly used when all variables
are integrated of order one, the ARDL bounds testing approach offers
several advantages that make it more suitable for our analysis. First,
unlike VECM, ARDL can be applied regardless of whether the regressors
are purely I(0), purely I(1), or mutually cointegrated, providing greater
flexibility [77]. Second, ARDL performs better in small sample sizes
compared to VECM [78]. Third, the ARDL approach allows for the
incorporation of sufficient numbers of lags to capture the data gener-
ating process in a general-to-specific modeling framework. Additionally,
the derived error correction model integrates short-run adjustments
with long-run equilibrium without losing long-run information [79].
Following the work of several researchers, including Jebli and Ahmad
(2017), Alshehry and Belloumi (2015), and Khan et al. (2020) [70,80,
81], this study employs the ARDL bounds testing approach to investigate
the long-run relationships among the ratio of road to railway mileage
(RPR), per capita Gross Domestic Product (PGDP), and per capita carbon
dioxide emissions (TCO2).

The ARDL procedure commences with the determination of the
optimal lag structure, a crucial step in capturing the dynamic relation-
ships between variables and enhancing model accuracy. W e employ
information-based criteria such as the Akaike Information Criterion
(AIC) or Schwarz Information Criterion (SIC) [77]. Following this, we
perform a series of diagnostic evaluations to ascertain the model’s
robustness, including the Breusch-Pagan-Godfrey test to assess hetero-
skedasticity and the Breusch-Godfrey LM test to detect serial correlation
[82-84].

To investigate the presence of long-term equilibrium relationships,
we apply the bounds testing approach for cointegration, utilizing the
following ARDL framework:
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P p
AInTCO2, = ay + Y _ fAINTCO2, i+ Y ;;AINRPR, ;

i=1 i=1

P P
+ Z §;AInPGDP, _; + Z 0;AInPGDP2,_; + 1;InTCO2,_,

i—1 i=1
+ A2InRPR, 1 + A3InPGDP, 1 + A4InPGDP2, ; + &
()

where A denotes the first difference operator. We evaluate the null hy-
pothesis of no cointegration against the alternative hypothesis using the
F-statistic. The computed F-statistic is then compared with the critical
values outlined by Narayan (2005) [85], which are more appropriate for
small sample sizes.

Upon confirmation of cointegration, we proceed to estimate both
long-run and short-run ARDL models. The long-run ARDL specification
is expressed as:

P q r
InTCO2: = fy + > pInTCO2, ; + Y ypyInRPR, ; + Y _ yf5InPGDP, ;

i=1 i=1 i=1

S
+ Y ByInPGDP2, ; + &

i=1

©

The short-term dynamics are captured through an error correction
model (ECM):

)4 q
AInTCO2: = 8o + Y 6AInTCO2,; + » _ 6xAINRPR, ;

i=1 i=1

r S
+ ) 85AINPGDP, ; + »  54AINPGDP2, ; + 0ECT, 1 + &

i=1 i=1

7

where ECT;_; represents the error correction term, and 6 denote the rate
of convergence towards long-run equilibrium.

To ensure the robustness of our ARDL model, we conduct a series of
diagnostic tests, including assessments for normality, hetero-
skedasticity, and serial correlation. Furthermore, we employ the CUSUM
and CUSUMSAQ tests to assess the temporal stability of the model’s co-
efficients [86].

4. Empirical results and discussions

Before proceeding with the formal econometric analysis, we first
examine the basic characteristics and temporal evolution of our key
variables. To provide an initial understanding of the data patterns and
relationships, we present both graphical and statistical analyses of the
three main variables. Fig. 1 illustrates the evolution of these three time

1980 1990 2000 2010 2020
year

Fig. 1. Plot of natural log levels of relative improvements between roads and
railways, per capita gross domestic product, and per capita transport carbon
dioxide emissions.
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series, with the logarithmic levels suggesting potential trends. This vi-
sual representation helps identify possible structural changes and long-
term relationships among the variables over the study period
(1978-2021). Table 1 presents the descriptive statistics of the key var-
iables. Analysis of these statistics reveals that the average value for the
relative performance ratio between roadways and railways (RPR) is
calculated at 27.38, the mean per capita GDP (PGDP) is $2920.56, and
the mean per capita transport CO2 emissions (TCO2) is 0.281 metric
tons. The standard deviations for RPR, PGDP, and TCO2 are 11.25,
$3589.48, and 0.209 metric tons per capita, respectively, reflecting the
variability in the data.

Table 2 displays the outcomes of the ADF and PP tests. These ana-
lyses were performed on both the original and first-differenced series,
utilizing two model configurations: one with only an intercept, and
another incorporating both trend and intercept. The findings from both
ADF and PP tests consistently demonstrate that all examined variables -
RPR, PGDP, and TCO2 - exhibit non-stationarity in their level forms.
This is evidenced by the inability to dismiss the null hypothesis of unit
root presence at standard significance thresholds for both test specifi-
cations. Conversely, when analyzing the first differences of these vari-
ables, both ADF and PP tests emphatically reject the unit root null
hypothesis at the 1 % significance level across all variables and model
configurations, indicating that stationarity is achieved after first
differencing.

However, since conventional unit root tests do not account for po-
tential structural breaks in the series, which might lead to misleading
results, we further employ the Zivot-Andrews unit root test. Table 3
presents these results.

The results of the Zivot-Andrews test largely confirm our findings
from the conventional unit root tests. Based on these observations, we
conclude that our variables are integrated of order one, denoted as I(1).
While this finding might suggest the applicability of VECM, we opt for
the ARDL approach due to its aforementioned advantages in handling
small sample sizes [78] and its flexibility in incorporating dynamic ad-
justments [77]. Additionally, the ARDL bounds testing approach re-
mains valid even in the presence of structural breaks identified by the
Zivot-Andrews test, making it a more robust choice for our analysis
[77,79]. The method provides a comprehensive framework for exam-
ining both long-run relationships and short-run dynamics among our
variables.

In determining the optimal lag structure for our ARDL model, we
employed various information criteria. The outcomes of this lag order
selection process, considering up to 5 lags, are presented in Table 4. The
lag length selection process is crucial for the ARDL bounds testing
approach, as it affects the model’s ability to capture the dynamic re-
lationships among variables [77]. The results, as illustrated in Table 4,
offer a diverse perspective. Both the HQIC and SBIC point towards an
optimal lag length of 1, whereas the AIC suggests a preference for 5 lags.
The FPE criterion aligns with HQIC and SBIC, also indicating 1 lag as
optimal. When faced with such divergent outcomes, researchers often
prioritize AIC and SBIC, especially in small sample scenarios, due to
their superior performance in these contexts [87]. Considering these

Table 1
Descriptive statistics.
Variables RPR PGDP TCO2
Description Relative Per capita gross Per capita
improvements domestic product Transport carbon
between roads and (constant 2005 US dioxide (metric
railways $) tons)
Max 46.8026 12,617.510 0.6864
Mean 27.3773 2920.559 0.2810
Median 22.1387 916.329 0.1788
Min 16.5245 228.519 0.0861
St. 11.2503 3589.483 0.2090
deviation
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Table 2
Results of unit root test.

ADF Test Statistic PP Test Statistic

Intercept Trend & Intercept Trend &
Intercept Intercept
Level
Variables
RPR —0.587 —2.878 —0.563 —2.842
PGDP 0.507 -1.692 0.589 —1.748
TCO2 -1.078 —2.761 —1.032 —2.702
First
Difference
RPR —4.260%**  —4,219%** —6.863***
PGDP —4.367***%  —5.025%*** —4.898***
TCO2 —5.973%**  —6.052%** —6.442%**

Note: 10, 5 and 1 % levels is indicated respectively by *, ** and ***.

Table 3
Results of Zivot-Andrews Unit Root Test.

Variable Levels First differences
InTR —3.368 (0) 2005 —7.964 (0)* 2006
InGDP —3.127 (0) 2006 —6.372 (0)* 2012
InTCO2 —3.673 (2) 2002 —7.753 (1)* 1999
Note.
" indicates significance at 1 % level.
Table 4
Lag Length Criteria for Co-integration.
Lag LogL LR FPE AIC HQIC SBIC
0 -11.735 NA 0.000427 0.7557 0.8016 0.8836
1 128.497 280.46 5.1e-07* —5.9742 —5.7905* —5.4623*
2 129.532 2.0712 7.80E-07 —5.5658 —5.2444 —4.6700
3 139.013 18.961 7.80E-07 —5.5904 —5.1313 —4.3107
4 143.613 9.1998 1.00E-06 —5.3648 —4.7679 —3.7012
5 166.625 46.025* 5.30E-07 —6.0833* —5.3487 —4.0359
Note.

" indicates lag order selected by the criterion.

factors, we opt for a lag length of 1, as suggested by the HQIC, SBIC, and
FPE criteria. This choice aligns with the principle of parsimony and
helps avoid over-parameterization, which is particularly important
given our limited sample size [88]. It’s worth noting that while this lag
length provides a balance between model fit and parsimony, sensitivity
analysis with alternative lag structures could be conducted to ensure the
robustness of our findings [89].

To assess serial correlation, we implemented the Breusch-Godfrey
Serial Correlation LM Test [82,84]. The analysis yielded an F-statistic
of 0.06 (p-value: 0.9931) and an ObsR-squared of 0.0139 (p-value:
0.9062). These statistics, being highly insignificant at conventional
thresholds, provide strong evidence against rejecting the null hypothesis
positing the absence of autocorrelation. For heteroskedasticity evalua-
tion, we applied the Breusch-Pagan/Cook-Weisberg test [83,90], which
produced an F-statistic of 0.2776 (p-value: 0.9948) and an ObsR-squared
of 0.88 (p-value: 0.3481). These results, also not significant at conven-
tional levels, suggest we cannot dismiss the null hypothesis of
homoskedasticity.

The bounds testing procedure yields an F-statistic of 5.971, which
exceeds the upper bound critical value at the 5 % significance level
(4.865) but falls within the 1 % level bounds (6.719), indicating coin-
tegration at the 5 % significance level. The t-statistic of —3.626, while
exceeding the lower bound critical value at the 5 % level (—2.898), only
indicates significance at the 10 % level as it falls short of the 5 % upper
bound (—3.836). Following the methodological framework of Pesaran
et al. (2001) [77] and supported by recent studies such as Narayan and
Smyth (2005) [91], this evidence suggests the presence of cointegration
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relationships, albeit with some qualification.

This interpretation is supported by extensive literature in environ-
mental economics. Narayan and Smyth (2005) [91] argue that in small
samples, when the F-statistic exceeds the 5 % upper bound, there is
strong evidence to support cointegration, even if it falls short of the 1 %
threshold. This approach has been validated by numerous subsequent
studies, including Ozturk and Acaravci (2013) [92] and Shahbaz et al.
(2017) [93], who found reliable cointegrating relationships under
similar statistical conditions. Recent methodological developments by
De Vita et al. (2018) [94] and Goh et al. (2017) [95] further support this
interpretation, particularly in cases involving environmental variables
where structural characteristics may affect the power of the test. They
suggest that when the F-statistic exceeds the 5 % upper bound and is
supported by t-statistics significant at least at the 10 % level, the evi-
dence for cointegration is robust, especially in small sample applica-
tions. Based on these theoretical and empirical foundations, we proceed
with the ARDL model specification. The long-run relationship can be
expressed as:

In(TCO2;) = f, + A, In(RPR) + B,In(PGDP) + B,1n(PGDP?) + ¢ (8)

Where fo is the intercept, p1, p2, and ps are the long-run coefficients,
and ¢ is the error term (Table 5).

The ARDL model estimation results reveal both long-run and short-
run dynamics between transport CO2 emissions per capita (TCO2), the
turnover ratio (representing relative improvements between roads and
railways, RPR), and GDP per capita (PGDP). The outcomes of these
analyses are displayed in Tables 6 and 7, respectively.

The long-term estimation outcomes reveal statistically meaningful
correlations among the variables, with the exception of the PGDP
quadratic term, which shows marginal significance at the 10 % level.
The RPR exhibits a statistically significant influence on per capita
transport CO2 emissions. Quantitatively, a 1 % rise in RPR corresponds
to a 0.40 % increase in per capita transport CO2 emissions (coefficient:
0.4043407, p-value: 0.007). This finding suggests that as road infra-
structure improves relative to rail, per capita transportation-related
emissions tend to increase. This trend can be attributed to three fac-
tors outlined in Section 2: the more frequent exchange of production
materials over shorter distances, an increase in individual road travel
demands, and the fact that road transport generally produces higher
greenhouse gas emissions than rail transport. The association between
economic expansion and per capita transport CO2 emissions displays an
inverted U-shaped pattern, lending support to the Environmental Kuz-
nets Curve (EKC) hypothesis within the transport sector. The coefficient
of InPGDP is positive (1.453625) and significant (p-value: 0.008), while
InPGDP2 is negative (—0.0648278) and marginally significant (p-value:
0.063). This indicates that transport CO2 emissions per capita initially
increase with economic growth but may decrease after reaching a
turning point [20].

Short-term dynamics unveil a more intricate interplay among the
variables. The error correction term (ECT), being both negative and
statistically significant, confirms the presence of a long-run equilibrium
relationship among the examined variables [75]. Short-term effects of
the turnover ratio on per capita transport CO2 emissions are positive and
significant (coefficient: 0.1660288, p-value: 0.014), aligning with
long-term findings. The short-term impacts of per capita GDP on per

Table 5
Bounds Test Results.
Test Statistic Value Significance 1(0) Bound 1(1) Bound
F-tatistic 5.971 10 % 2.893 4.075
5% 3.530 4.865
1% 5.039 6.719
t-tatistic —3.626 10 % —2.550 —3.442
5% —2.898 —3.836
1% —3.605 —4.626
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Table 6

Long-run estimation.
Variable Coefficient Std. Error T-ratio Prob
InRPR 0.4043*** 0.1401 2.89 0.007
InPGDP 1.4536*** 0.5150 2.82 0.008
InPGDP2 —0.0648* 0.0337 -1.92 0.063
" Significant at 0.10 level.
“" Significant at 0.01 level.

Table 7

Short-run estimation.
Variable Coefficient Std. Error T-ratio Prob
D.InRPR 0.1660** 0.0639 2.60 0.014
D.InPGDP 0.5867*** 0.1543 3.80 0.001
LD.InPGDP —0.1348 0.1123 -1.20 0.239
L2D.InPGDP 0.5474%** 0.1150 —4.76 0.000
D.InPGPP2 —0.0266** 0.0108 —2.46 0.020
Constant —3.9414%** 0.8331 —4.73 0.000
ECT —0.4106%** 0.1132 —3.63 0.001

capita transport CO2 emissions are varied. The immediate effect is
positive and significant (coefficient: 0.5866139, p-value: 0.001), while
the second lag shows a significant negative impact (coefficient:
—0.5473524, p-value: 0.000). This observation suggests that the
short-term link between economic expansion and per capita transport
emissions is multifaceted and may involve dynamic interactions. The
short-term effect of the squared GDP per capita term is negative and
significant (coefficient: —0.0266193, p-value: 0.020), supporting the
EKC hypothesis in the short term as well.

These discoveries are consistent with earlier research on the in-
terrelationships between economic growth, infrastructure development,
and environmental degradation [96]. However, our findings suggest
that enhancing railway infrastructure relative to roads could potentially
lead to a decrease in per capita emissions, both in the short and long
term. This could be due to decreased transportation costs from econo-
mies of scale, shifts in travel modes, and reduced use of road vehicles.
The evidence for the EKC in the transport sector is consistent with
studies such as Erdogan (2020), which identified similar patterns in
other countries, and Guo (2022), whose research on China, despite
employing different data and methodologies, also supports these find-
ings [26,47]. However, the high turning point suggests that policy-
makers should not rely solely on economic growth to reduce transport
emissions per capita but should also implement targeted policies to
promote sustainable transport systems.

The comprehensive diagnostic evaluations and stability analyses
conducted provide robust evidence supporting the reliability and val-
idity of the ARDL framework. The model exhibits an R-squared value of
0.9956 and an adjusted R-squared of 0.9946, suggesting that it accounts
for 99.56 % of the variance in the dependent variable, thus demon-
strating considerable explanatory capacity [77]. The F-statistic of
1024.88, accompanied by a p-value of 0.000, confirms the model’s
overall statistical significance. Durbin’s h-statistic stands at —0.514 with
an associated p-value of 0.304, indicating the absence of significant
autocorrelation issues within the residuals [86] (Table 8).

To assess the temporal stability of the model parameters, we
employed the CUSUM and CUSUM of squares tests [86]. The visual
representations of these tests illustrate that the blue line, which denotes

Table 8

Diagnostics Test.
Statistic Value Statistic Value
R-squared 0.9956 Adjusted R-squared 0.9946
F-statistic 1024.88 Durbin’s h-statistic —0.514
Prob(F-statistic) 0 Prob(h-statistic) 0.304
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the cumulative sum of recursive residuals, consistently remains within
the 5 % significance thresholds (represented by the green and red
boundaries) throughout the entire sample period. This finding provides
robust support for the temporal stability of the estimated parameter
coefficients [89] (Fig. 2,Fig. 3).

5. Conclusions and policy implications

This study investigates the relationship between the relative
improvement of railways to roads (RPR), economic expansion, and
transport carbon emissions within the context of the Environmental
Kuznets Curve (EKC) framework. Utilizing the ARDL model and bounds
testing approach on Chinese data from 1978 to 2021, we confirm the
EKC hypothesis for China’s transport sector. Our analysis reveals an
inverted U-shaped correlation between economic expansion and per
capita transport CO2 emissions in both long-term and short-term per-
spectives. The road-to-railway mileage ratio (RPR) shows a positive and
significant influence on per capita transport CO2 emissions across both
time horizons. The error correction term suggests that about 41 % of any
divergence from long-run equilibrium is rectified within a year, con-
firming the presence of a long-term relationship among the variables
examined.

This study sheds light on the complex interplay between economic
progress, transport infrastructure development, and carbon emissions.
Throughout various stages of economic development, fluctuations in
transport demand, infrastructure investment, and technological prog-
ress differentially impact carbon emissions. Initially, increased transport
demand stemming from economic growth is predominantly met by road
transport, precipitating rapid increases in carbon emissions. As the
economy advances, the demand for long-distance transport rises, spur-
ring investment in large-scale infrastructure such as railways, poten-
tially decelerating emission growth.

As urbanization intensifies, the transport structure gradually transi-
tions from road-dominated to more rail-dependent, potentially miti-
gating carbon emission growth. However, it is noteworthy that in highly
urbanized stages, novel complex factors may emerge, such as the
agglomeration effects induced by railways potentially reinvigorating
demand for road transport. Moreover, economic development engenders
technological advancements and policy shifts. As economic prowess
increases, governments acquire the capacity to invest in more environ-
mentally sustainable transport systems and clean technologies. Notably,
enhancements in railway systems and increased electrification rates may
further diminish carbon emissions per unit of transport.

Based on our empirical findings of the EKC relationship and the role
of transport infrastructure composition, we propose several macro-level
policy recommendations for sustainable development. Given that eco-
nomic development stages significantly influence transport carbon
emissions, policymakers should adopt a dynamic and forward-looking
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approach to infrastructure planning. In the early stages of economic
development, while road construction may be necessary to meet im-
mediate transport needs, governments should simultaneously lay the
foundation for railway development to avoid carbon emission lock-in
effects. As economies progress to middle-income stages, a gradual shift
in infrastructure investment priority from roads to railways becomes
crucial, particularly in densely populated economic corridors where the
emission reduction potential of railways can be maximized.

The relationship between economic growth and transport carbon
emissions also suggests the importance of coordinated regional devel-
opment strategies. In more developed regions where the turning point of
the EKC curve has been reached, policy focus should be on optimizing
existing infrastructure and promoting modal shifts towards low-carbon
transport options. For regions still on the rising portion of the EKC
curve, policies should aim to flatten the curve by learning from devel-
oped regions’ experiences and leapfrogging to more sustainable trans-
port systems. This could involve early adoption of advanced railway
technologies and integrated transport planning, even at lower income
levels.

To facilitate this transition, national-level policy frameworks should
be established to guide infrastructure investment decisions across
different development stages. These frameworks should include clear
targets for the relative development of railways versus roads, aligned
with regional economic development levels and urbanization patterns.
Financial mechanisms, such as development funds and green bonds,
should be structured to support this long-term transformation of trans-
port infrastructure. Additionally, cross-regional cooperation mecha-
nisms should be established to ensure coordinated infrastructure
development and prevent inefficient competition in transport invest-
ment among regions.

While our study provides valuable insights into these macro-level
relationships, several limitations should be acknowledged. A key limi-
tation is the focus on main variables without incorporating control
variables such as urbanization rates, energy prices, technological prog-
ress, and policy interventions, which could potentially affect the
comprehensiveness of our findings. Additionally, the study’s single-
country focus and limited data availability may affect the generaliz-
ability of our conclusions. These limitations suggest important di-
rections for future research. Future studies should incorporate a broader
range of macroeconomic and structural variables to provide more robust
evidence of the development patterns we identified. Cross-country
comparative analyses would be particularly valuable in understanding
how different development paths and initial conditions influence the
relationship between transport infrastructure choices and carbon
emissions.

Furthermore, future research directions should extend to several
critical areas. First, exploring non-linear relationships between variables
could reveal more complex patterns in the transport-emission nexus
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across different development stages. Second, investigating the specific
mechanisms by which infrastructure improvements influence transport
mode choices would provide valuable insights for policy design. Third,
examining potential carbon emission rebound phenomena in highly
urbanized stages could help anticipate and address future challenges in
advanced economies. Fourth, research should focus on the long-term
implications of current infrastructure choices on future development
possibilities, particularly how path dependency might affect the transi-
tion to low-carbon transport systems. Finally, studies should examine
how technological progress and innovation in transport systems might
alter the traditional relationship between economic growth and carbon
emissions, potentially offering new pathways for sustainable develop-
ment. Such comprehensive research would contribute to a deeper un-
derstanding of how countries can better manage their transport
infrastructure development to achieve both economic growth and
environmental sustainability objectives.
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