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Abstract 
This study directly aligns with Sustainable Development Goals (SDGs), i.e., SDG-13 and 

SDG-4. Carbon emissions (CO2e) are primarily addressed under SDG-13: Climate Action, 

which aims to combat climate change and its impacts. CO2e reduction efforts contribute 

to achieving this goal by mitigating greenhouse gas emissions. SDG 4: Quality Education 

aims to ensure inclusive and equitable quality education for all. It emphasizes explicitly 

lifelong learning opportunities and targets higher education (HE) access to improve skills 

for sustainable development. Therefore, the current study aims to examine the determi-

nants of CO2e in China and the role of HE under the extended STIRPAT model. This 

study utilizes the Fully Modified Ordinary Least Squares (FMOLS) and Dynamic Ordinary 

Least Squares (DOLS) methods using the time series data from 1985 to 2023. The finding 

shows that total population, GDP, and industry positively affect CO2e, while technological 

innovation and higher education negatively affect CO2e in China.

1.  Introduction
One of the biggest problems facing the globe today is climate change, which is thought to be 
caused mainly by carbon dioxide emissions (CO2e). CO2e has risen sharply in recent decades 
due to the rise in energy consumption brought on by population growth and industrialization. 
Nonetheless, the United Nations and other international leaders are acting seriously to reduce 
CO2e emissions into the environment [1]. CO2e affects global warming and climate patterns, 
among other things. Due to its catastrophic effects on several critical sectors, including agri-
culture, water supplies, human health, population migration, and the loss of several species 
[1,2]. However, in addition to these severe problems brought on by CO2e, human activities 
like burning fossil fuels, deforestation, and industrial processes have increased dramatically 
in recent years, raising the atmospheric concentration of CO2e and raising worries about 
climate change and global warming. The growing need for energy for industry, transporta-
tion, and other uses is one of the primary causes of the rise in carbon emissions. However, it is 
anticipated that the capacity for renewable energy sources will grow by 50% globally between 
2019 and 2024, potentially reducing the adverse impacts of greenhouse gas emissions on the 
environment and human health [3].
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The growth of society, whether it be in its social, economic, political, or moral facets, is 
significantly influenced by education (EDU). The 17 Sustainable Development Goals (SDGs) 
that the United Nations (UN) adopted in 2015 addressed various issues, such as environ-
mental, technical, and socioeconomic development. All people should have equitable access 
to postsecondary education, especially at institutions that support possibilities for lifelong 
learning, according to SDG Goal 4 [4]. Education may improve the quality of the environment 
by increasing environmental consciousness, creating energy-efficient and green technol-
ogy, and producing renewable energy [5,6]. However, education depending on the nation’s 
economic development levels, education can harm environmental quality by promoting 
economic growth through human capital, innovation, competitiveness, and entrepreneurship. 
Governments may also utilize education to fight environmental deterioration [6]. By reduc-
ing CO2 emissions, human capital, especially action, contributes significantly to improving 
environmental sustainability. According to the literature, education contributes to sustainable 
growth and environment. Some of the most recent research offers this proof; for instance [7], 
showed a negative correlation between CO2 emissions and education. In a similar way [8], 
found that while a decrease in educational attainment has increased CO2 emissions in BRICS 
nations, an increase in education considerably reduces CO2 emissions. Zafar et al. [9] found a 
strong correlation between environmental deprivation and education. According to Xin et al. 
[10], human capital factors like the average year of education and the literacy rate reduce CO2 
emissions over time for the Chinese economy.

In the literature there are many social, energy, institutional, political, economic, demo-
graphic, technological, and health etc determinants of CO2e. Bhattacharya et al. [11] focused on, 
renewable energy and institutions factors on CO2e, stock market growth, FDI and renewable 
energy by Paramati et al. [12] and Cai et al. [13], renewable and non-renewable energy con-
sumption and real income by Dogan & Ozturk [14], population growth and economic growth 
by Sulaiman and Abdul-Rahim [15], economic growth, renewable energy, energy consumption, 
financial developments, trade openness, and urbanization by Khoshnevis Yazdi and Ghorchi 
Beygi [16], renewable energy consumption, agriculture production and forest by Waheed et al. 
[17], agricultural productivity by Eyuboglu and Uzar [18] and Zhou et al. [19], human capi-
tal, exports, and economic growth by Rahman et al. [20], education expenditure, and female 
employers by Uz-Zaman et al. [21], industrialization by Mentel et al. [22], socioeconomic factors 
by Zhou et al. [23] and Yin et al. [24], secondary industries, and, urbanization level, by Zheng et 
al. [25], arable land, financial development, globalization, urbanization, and innovation by Azam 
et al. [26], Industrialization, and Natural Resources by Voumik et al. [27], energy productivity, 
economic policy uncertainty, institutional quality and geopolitical risk by Cui et al. [28], energy 
productivity, technological development, and human capital by [29]. Based on the above-
mentioned, renewable energy, technology, energy productivity, financial development, and insti-
tutional quality positively affect environmental sustainability. In contrast, non-renewable energy, 
GDP, urbanization, and population all have negative effects on environmental sustainability.

The Chinese country chose this study for several reasons, one of which is that they are pas-
sionate about economic growth. According to the World Resources Institute’s CAIT database, 
China is the world’s greatest yearly emitter of greenhouse gases, accounting for 27% of world-
wide emissions in 2020 with 12.3 billion tonnes of CO2 equivalent [30]. Since China’s human 
CO2e make up over 30% of global emissions, reducing its emissions is essential to mitigating 
climate change worldwide. The Chinese government has promised to cut CO2 emissions by 
60–65% from 2005 levels by 2030 when they are at their highest per GDP unit. To meet the 
short-term carbon peak target, it is now crucial to analyze how economic policies and other 
variables affect CO2 emissions as well as anticipate CO2 emissions in order to create CO2 
emission strategies and standards [31].

Competing interests: The authors have 
declared that no competing interests exist.



PLOS ONE | https://doi.org/10.1371/journal.pone.0319930  March 18, 2025 3 / 16

PLOS ONE Higher education and CO2 emissions nexus in China

The central objective of this study is to analyze the determinants of CO2e with a special 
focus on higher education. To the best of the authors’ knowledge, no study has investigated 
the collection of explanatory variables in the context of China’s economy as investigated by 
this study. Thus, this study’s contribution is threefold: firstly, unlike the previous studies, this 
study simultaneously examined the effects of total population, gross domestic product, indus-
try, technological innovation, and higher education in China with a broader aim to achieve 
sustainable development goals. Secondly, this study model builds on the extended STIRPAT 
model by adding the higher education variable. Finally, the outcome of this research pro-
vides valuable policy recommendations to raise environmental sustainability in the Chinese 
economy.

The remainder of this article is organized as follows: Section 2 presents prior theoretical 
and empirical reviews. Section 3 deals with the data and empirical methodology. Section 4 
interprets the results. Finally, section 5 deals with the study’s conclusions.

2.  Literature review

2.1.  Determinants of CO2 emissions
Zheng et al. [25] examined the determinants of CO2e in 73 Cities in China. They discover a 
nonlinear pattern in the correlation between CO2e and GDP. This study extends the STIRPAT 
model by using a linear mixed effect model that covers the quadratic term of GDP per capita 
to characterize such multimodality and investigate the factors influencing CO2 emissions 
in these cities. The findings showed that CO2e in Chinese cities has typically been positively 
impacted by factors such as population size, the percentage of secondary industries, energy 
consumption structure, urbanization level, and economic level. Zhou et al. [23] analyzed 
the socioeconomic determinants of CO2e in China using time series data from 1980–2014 
using the VECM methods. They found that socioeconomic factors such as energy consump-
tion, income, urbanization, FDI, and total trade significantly impacted CO2e. Yin et al. [24] 
examined the asymmetric socioeconomic determinants of CO2e in China using the nonlinear 
ARDL technique from 1980–2019. The findings indicated that while a decline in economic 
growth balances CO2e in China, a positive shift in economic growth is the primary driver of 
CO2e rise. Concurrently, both positive and negative changes in energy consumption have 
long-term adverse effects on CO2e, but negative shocks have less effect on CO2e than positive 
energy shocks. In the long term, shocks and positive school years are helpful in China’s fight 
against CO2e. Azam et al. [26] examined the impact of urbanization, globalization, and energy 
consumption on CO2e in the SAARC region under the extended STIRPAT model. By utilizing 
the CS–ARDL methods from 1990–2018. They found that CO2e are caused by urbaniza-
tion, GDP per capita income, energy consumption, industrial expansion, globalization, and 
financial development, while other variables, such as innovation and arable land, negatively 
impact them. Voumik et al. [27] examined the association between urbanization, industrial-
ization, natural resources rent, and Anthropogenic CO2e in South Asia from 1972 to 2021 
by using the CS-ARDL Approach. They modelled the variable in the STIRPAT. They found 
that industrialization, urbanization, and economic growth raise CO2e. Electrification, natural 
resource rent, and population growth contributed to lower CO2e. Uddin et al. [32] examined 
the impact of geopolitical risk, governance, technological innovations, energy use, and foreign 
direct investment on CO2e in the BRICS region from 1990 to 2018 by using the CS ARDL. 
They found that government effectiveness, regulatory quality, the rule of law, foreign direct 
investment (FDI), and innovation have a negative effect on CO2e. In contrast, geopolitical 
risk, corruption, political stability, and energy consumption have a positive effect on CO2e. 
Du et al. [29] used data from 1990 to 2018 to examine the Environmental Kuznets Curve 
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(EKC) hypothesis, focusing on how energy productivity, technological development, and 
human capital contribute to a sustainable environment in 35 OECD economies. The study 
supports an N-shaped EKC hypothesis link between GDP and CO2e. They found that energy 
productivity, technological development, and human capital negatively affect CO2e. Using the 
CS-ARDL, Cui et al. [28] investigated the effects of energy productivity, institutional quality, 
economic policy uncertainty, and geopolitical risk in BRICS from 1992 to 2021. The study 
finds that FDI, energy productivity, and institutional quality have positive effect on CO2e.

2.2.  Education and CO2 emissions nexus
Misra and Verma [33] examined environmental education and CO2e mitigation. They found 
that educational initiatives assist in lowering anthropogenic CO2e, increasing the execution 
rate of educational programs and the rate at which education is disseminated among people 
cannot effectively reduce CO2e if the rate at which educated individuals reduce their carbon 
footprint is low. Alkhateeb et al. [34] using data from 1971 to 2014, to examined economic 
development, energy use, education and CO2e nexus in Saudi Arabia. They discovered that 
secondary education may have a negative impact on CO2e, but primary education does not. 
Whereas energy consumption raise CO2e, it also confirmed that an inverted U-shaped ECK 
exists. Eyuboglu and Uzar [35] examined the association between higher education and 
CO2e in Turkey by utilizing the ARDL and VECM methods. The findings show that CO2e is 
adversely impacted by higher education. Energy use and economic expansion also have both 
short-term and long-term favorable effects on CO2e. Li and Ullah [8] used a nonlinear panel 
ARDL technique to investigate the relationship between human capital and CO2e in BRICS 
from 1991 to 2019. The results indicated that an adverse change in education has eventually 
led to higher CO2e, and a positive change in education has decreased CO2e. Using the EKC 
framework, Lee et al. [36] examined the territory education and CO2e nexus in 151 countries 
from 1991 to 2019. The results support the EKC and imply that in nations with higher GDP 
per capita, tertiary education helps to reduce CO2e. Sahu et al. [37] examined the relation-
ships between urbanization, industrialization, FDI, and CO2e in 31 nations. It also examines 
the moderating effects of education on these associations from 1998 to 2020 by using the 
GMM methods. They showed that urbanization and industry raise CO2e levels, while indus-
try and education have a negative impact on CO2e. Khan et al. [4] analyzed the impact of 
women’s education on CO2e in Pakistan from 1995–2021 using ARDL methods. They found 
that women’s education, education spending, technological innovation and renewable energy 
contribute to lower CO2e.

2.3.  Education and CO2 emissions Nexus in China
Li et al. [38] analyzed the HE and CO2e nexus evidence from 30 provinces in China from 
2000–2018 using the FMOLS and DOLS estimators. The findings supported the pollution 
halo theory and the education-CO2-driven hypothesis by demonstrating the critical roles of 
FDI and higher education in reducing CO2e. At the same time, CO2e emissions were sig-
nificantly influenced by increases in population, gross domestic product, and electricity use. 
Zhu et al. [39] analyzed the relationship between regional CO2e and China’s higher educa-
tion system using data from 31 Chinese provinces between 2004 and 2015 using the panel 
threshold regression and panel quantile regression models. The findings show that the extent 
and quality of higher education in China have a threshold influence on regional CO2e. More 
specifically, when technology advances beyond a certain point, more education may benefit 
CO2e. Regarding the quality of higher education, its continued expansion may mitigate the 
beneficial impact on CO2e when income surpasses a certain threshold; it may also exacerbate 



PLOS ONE | https://doi.org/10.1371/journal.pone.0319930  March 18, 2025 5 / 16

PLOS ONE Higher education and CO2 emissions nexus in China

its limited impact on carbon emissions per capita when technology surpasses a certain thresh-
old; and ongoing enhancement of higher education quality may contribute to a decrease in 
CO2e. Uz-Zaman et al. [21] analyzed the association between EDU expenditure and CO2e in 
China from 1991 to 2015 by utilizing the ARDL technique. The results showed that raising 
education spending, hiring more women as employers, and using more renewable energy as a 
proportion of total energy usage will all contribute to China’s long- and short-term CO2 emis-
sion reduction. Liu et al. [7] analyzed the association between financial inclusion, EDU and 
CO2e nexus in China by using the ARDL approach. They found that education research and 
development activities and four of the five financial inclusion proxies positively affect China’s 
environmental quality. Meanwhile, GDP and population had a negative effect on CO2e.

Cui et al. [40] assessed how different educational levels affect China’s CO2e under the EKC. 
The Primary, secondary, and tertiary enrollment, as well as the average year of education, 
were among the disaggregated and aggregated data used in the research. In the long term, all 
of the proxies of education positively influence CO2e; however, the impact of education on 
CO2 emissions turns negative when we consider the square of these variables. The study also 
supported the EKC hypothesis. Xin et al. [10] worked on unemployment, EDU and CO2e 
nexus by utilizing data from the Chinese economy covering the years 1991–2020 by utilizing 
the ARDL methods. The vibrant side of human capital demonstrates how factors like the 
average year of education and the literacy rate reduce CO2 emissions over time. Furthermore, 
the volume and direction of human capital results are also grounded on facts. Additionally, 
empirical research has shown that, over time, unemployment considerably raises CO2e. Lin et 
al. [41] examined the education level of residents ‘ CO2e in 30 Chinese provinces. They found 
that the influence of educational attainment, the average yearly efficiency and the average effi-
ciency of each indicator have grown in most provinces. Second, the efficiency of carbon emis-
sion indicators in both urban and rural regions is highest in the East, followed by the West, 
and lowest in the centre region, both before and after taking exogenous variables into account. 
The third finding is that the efficiency of carbon emission indicators in cities is higher in the 
East than in rural areas and lower in the middle and Western regions.

Dong et al. [42] utilized panel data from 266 Chinese cities spanning the period from 2009 
to 2020 to analyze the impact of education investment on carbon dioxide emissions by using 
the both static and dynamic spatial Durbin model regressions are employed. The findings 
indicated that education investment plays a significant role in reducing carbon dioxide emis-
sions, both through spatial spillover effects and dynamic effects over time. When education 
investment is implemented in one city, it positively influences neighboring cities, contributing 
to a measurable reduction in carbon emissions across the region. Zhao et al. [43] examined 
the county-level data from China spanning 2007–2021 to estimate the impact of local govern-
ment education expenditure on air pollution. The results reveal that education expenditure 
has a significant negative effect on air pollution, a finding that remains robust after accounting 
for endogeneity. Mechanism analysis shows that education expenditure mitigates air pollution 
through composition effects, technique effects, and income effects.

2.4.  Research gap
Based on the above literature, some researchers, such as Zheng et al. [25], analyzed the deter-
minants of CO2e in 73 Chinese cities, Azam et al. [26], examined the impact of urbanization, 
globalization, and energy consumption on CO2e in the SAARC region, and Voumik et al. 
[27], investigated the relationship between urbanization, industrialization, natural resource 
rent, and CO2e in South Asia, used the extended STIRPAT model. However, they overlooked 
the inclusion of higher education in the model. The relationship between education and CO2 
emissions in China has been explored by Li et al. [38], Zhu et al. [39], Uz-Zaman et al. [21], 
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Liu et al. [7], Cui et al. [40], Xin et al. [23], Lin et al. [41], Dong et al. [42], and Zhao et al. [43], 
but none of these studies employed the STIRPAT model. According to the available litera-
ture, no studies have specifically examined the factors affecting CO2e in China with a focus 
on higher education under the extended STIRPAT model. Therefore, this study aims to fill 
the gap by investigating the determinants of CO2e in China, incorporating the role of higher 
education within the STIRPAT framework.

2.5.  Theoretical review
Eyuboglu and Uzar [35] developed the theoretical framework for higher education (HE) to 
promote environmental sustainability. HE influences human capital, income distribution, and 
environmental quality. Higher education builds human capital through skills and knowledge, 
which support environmental technologies that improve environmental quality. Courses, 
workshops, and conferences promote environmental awareness, increasing the demand for 
environmental quality and encouraging sustainable practices. Fair income distribution helps 
create a balanced society, indirectly benefiting the environment. Fixed capital and infra-
structure investments drive economic growth but can harm the environment if not managed 
sustainably. Energy consumption, if excessive, negatively impacts environmental quality, 
highlighting the need for responsible resource use. These interconnected factors illustrate 
the role of education and equitable growth in enhancing environmental sustainability [35]. 
EDU can be crucial for raising environmental awareness and developing human capital [44]. 
Environmental awareness may also be increased by offering environmental courses, seminars, 
conferences, and workshops at schools and higher education institutions [45].

3.  Methodology and data

3.1.  Empirical model
This study uses an extended version of the STIRPAT model to examine the determinants of 
CO2e in china with special focused on higher education. The STIRPAT model, proposed by 
Dietz and Rosa [46], is a mathematical extension of the IPAT model. Originally introduced by 
Ehrlich and Holdren [47], the IPAT model represents environmental (I) impact as a product 
of three factors: population (P), affluence (A), and technology (T), expressed in Equation (1):

	 I P A T= × × 	 (1)

Despite its usefulness, the IPAT model has been criticized for its assumption of fixed pro-
portionality among variables, limiting its ability for hypothesis testing [48]. To address these 
limitations, Dietz and Rosa [46], introduced the STIRPAT model, which generalizes IPAT to 
allow more flexible relationships between variables. The general form of the STIRPAT model is:

	 I P A T et t t t t=α δ δ δ  1 2 3 	 (2)

According to Anser et al. [49], and Azam et al. [26], a key advantage of the STIRPAT model 
is the flexibility to add additional variables based on the objective of the study. This study 
extends Equation (2) by incorporating higher education (HE) as an additional factor:

	 I P A T HE et t t t t t=α δ δ δ δ   1 2 3 4 	 (3)

Many studies transform Equation (3) into its logarithmic form to achieve a linear relation-
ship. The logarithmic form is given in Equation (4):
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	 LnI lnP lnA lnT lnHE et t t t t t= + + + + +α δ δ δ δ1 2 3 4  	 (4)

CO2e, and total population, use as a proxy for I and P, GDP and industry use as proxy for 
A, while technological innovation use as proxy for T [26]. To examine the impact of socio-
economic indicators on CO2e in china, the specific STIRPAT model is specified as:

	 CO e TP GDP IND TI HE et t t t t t t2 1 2 3 4 4= + + + + + +α δ δ δ δ δ 	 (5)

In Equation (5), CO2e, TP, GDP, IND, TI and HE denote the CO2 emissions, total pop-
ulation, gross domestic product, industry, technological innovation, and higher education 
respectively. Where t represents a time series from (1985 to 2023), CO2e is dependent vari-
able, and independent variables are TP, GDP, IND, TI and HE.

3.2.  Estimation technique
In this study, we initially perform unit root tests, including the Augmented Dickey-Fuller 
(ADF) test and the Phillips-Perron (PP) test. The ADF test, introduced by Dickey and Fuller 
[50], and the PP test, developed by Phillips and Perron [51], are used to determine the station-
arity of time series data. The ADF test is formulated in Equation (6):

	 ∆ ∆G t G G et t j t j tj

q
=∅+ + + +− −=∑ω δ ϑ1 1

	 (6)

where ∆Gt  represent the first difference of the series,  ∅  is a drift term, ωt  denotes a deter-
ministic time trend, δGt−1  is the lagged level of the series, and ϑj t jj

q
G∆ −=∑ 1

 accounts for 
the lagged differences of the dependent variable to correct for autocorrelation. The term et  
represents a white noise error term, while q is the number of lagged difference terms included 
in the model. The null hypothesis H0( )  for this test states that δ= 0 , indicating the presence 
of a unit root and thus non-stationarity in the series. Conversely, the alternative hypothesis 
H1( )  posits that δ<0 , suggesting that the series is stationary. The PP test differs from the 

ADF test in that it employs non-parametric methods to adjust the t statistic of the δ coeffi-
cient, correcting for serial correlation and heteroskedasticity in the residuals without requiring 
the inclusion of lagged difference terms [52].

After the unit root test, we will use the Cointegation technique such as (JJ) Johansen and 
Juselius [53], Cointegation. The JJ approach is ideal for multivariate time series to detect 
long-run equilibrium relationships. After the Cointegration, we thirdly employs the fully 
modified OLS (FMOLS) and dynamic OLS (DOLS) for the long run estimates. Phillips and 
Hansen (1990) developed the FMOLS to apply an ideal co-integrating regression estimate. 
However, because it offers the benefit of reducing endogeneity bias and serial correlation, 
the Pedroni [54] heterogeneous FMOLS estimator was utilized for the panel cointegration 
regression. Considering that a panel FMOLS estimator is used for the coefficient in Equa-
tion (7):

	 ∝ −∝= −( )( ) −( )∗ −
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The DOLS had the same asymptotic distribution as that of the panel FMOLS estimation 
derived by [54]. Both the DOLS and FMOLS estimations were performed as shown to con-
firm the consistency of the outcome (see, [55]). After the long run estimates we employs the 
Granger causality test.

The Granger causality test is estimated using the following Equations (8) and (9):

	 Y Y Z es s m tj

k

i

m
t t i t= + + +− −= =∑ ∑α α α0 1 2 11 1

	 (8)

	 Z Z Y et j t j h t h tj

n

h

p
= + + +− −= =∑ ∑β β β0 1 2 21 1

 	 (9)

If coefficient of α2i  is statistically significant, i.e., α2 0i ≠  then Y→  Granger causes → X .  
The term Y and X will be independent if α2i  and β2h  are not other than zero. If X is cause 
variable for Y and β2h  is statistically significant, i.e., β2 0h ≠ . The significance of α2i  and β2h  
confirms mutual dependency of two specific variables. The term ε1t  and ε2t  are uncorrelated 
with each other [56,57]. Fig 1, shows the Research framework.

3.3.  Data and variables
This study examines the determinant of CO2e, with special focused on higher education in 
china from 1985 to 2023. The data has been obtained from the World Development Indica-
tors (WDI). Table 1, represent the data sources and measurements. The data includes in the 
Supporting Information see “S1 Table.pdf ”.

4.  Results and discussion

4.1.  Descriptive statistics
Table 2, represent the mean value of CO2E, TP, GDP, IND, TI and HE are 8.598, 20.963, 8.040, 
27.990, 11.735 and 2.583 respectively. While the Standard deviation of CO2E, TP, GDP, IND, 

Fig 1.  Research framework.

https://doi.org/10.1371/journal.pone.0319930.g001

https://doi.org/10.1371/journal.pone.0319930.g001
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TI and HE are 0.655, 0.088, 0.929, 1.137, 1.925 and 1.172 respectively. The Jarque-Bera sta-
tistics all values of statistically insignificance it favors the accepting the null hypothesis of the 
normality.

4.2.  Unit root and cointegration test
Table 3 shows the outcomes of the ADF and PP unit root test. At level, The ADF and PP with 
Constant, with Constant & Trend all variables are non-stationary. After the first difference, 
the ADF and PP test confirms that all variables becomes stationary. Table 4 shows Cointegra-
tion test, both trace and Max-Eigen statistics confirms that 4 Cointegrated equation exist. So 
therefore we confirms that there is a long run relationship exist between the variables.

4.3.  Long run estimates
Table 5, shows the FMOLS and DOLS estimates. In long run the variable total population, 
GDP, and industry have positive effect on CO2e, while technological innovation, and higher 
education have negative effect on CO2e in china from 1985 to 2022. The coefficient of TP 
and GDP is positive, indicating that 1% surge in the total population and GDP leads to rise 
CO2e by 0.116% and 0.038%. The larger population increases CO2e as more people consume 
energy, goods, and services, leading to higher fossil fuel usage. This demand drives industrial 
production, transportation, and energy generation, all of which release CO2e. Economic 
growth raises CO₂ emissions by boosting industrial production, energy demand, and trans-
portation, all of which often rely on fossil fuels. Increased production and consumption 
associated with growth lead to higher emissions. Without sustainable practices, economic 

Table 1.  Variable measurement.

Symbol(s) Variable(s) Measurement(s) Source(s)
CO2e Carbon emissions metric tons per capita) WDI
TP Total population total WDI
GDP Gross domestic product per capita (constant 2015 US$) WDI
IND Industry value added (constant 2015 US$) WDI
TI Technological innovation Total patent application WDI
HE Higher education tertiary (% gross) WDI

Source: Authors compilation.

https://doi.org/10.1371/journal.pone.0319930.t001

Table 2.  Descriptive statistics.

CO2E TP GDP IND TI HE
Mean 8.598 20.963 8.040 27.990 11.735 2.583
Median 8.615 20.983 8.027 28.062 11.778 2.820
Maximum 9.451 21.069 9.407 29.538 14.277 4.315
Minimum 7.534 20.773 6.503 25.969 8.988 0.785
Std. Dev. 0.655 0.088 0.929 1.137 1.925 1.172
Skewness -0.090 -0.611 -0.099 -0.265 -0.036 -0.055
Kurtosis 1.457 2.280 1.664 1.761 1.500 1.549
Jarque-Bera 3.923 3.267 2.966 2.951 3.666 3.439
Probability 0.141 0.195 0.227 0.229 0.160 0.179
Observations 39 39 39 39 39 39

https://doi.org/10.1371/journal.pone.0319930.t002

https://doi.org/10.1371/journal.pone.0319930.t001
https://doi.org/10.1371/journal.pone.0319930.t002
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expansion typically results in a larger carbon footprint. The results consistent with the line of 
[26,58]. Ochi and Saidi [58] reported that Population and economic growth have a positive 
and significant influence on climate change in 33 most polluting countries. Azam et al. [26] 
reported that urban population and GDP have positive effect CO2e in south Asian counties 
from 1990–2018.

The coefficient of IND is 0.893, showing that 1% surge in the industrialization cause to 
surge CO2e by 0.893%. Industries raise CO₂ emissions through the combustion of fossil 
fuels for energy in manufacturing, processing, and construction. Industrial processes, like 

Table 3.  Unit root test.

ADF
At Level

CO2E TP GDP IND TI HE
With Constant t-Statistic -1.249 -1.628 -1.130 -2.202 -0.511 -0.073

Prob. 0.643 0.459 0.693 0.209 0.878 0.945
With Constant & Trend t-Statistic -1.178 0.425 -0.875 -0.480 -1.117 -2.552

Prob. 0.900 0.999 0.948 0.980 0.913 0.481
At First Difference
With Constant t-Statistic -2.820*** -4.240* -2.776*** -3.730* -5.214* -3.406**

Prob. 0.065 0.000 0.072 0.058 0.000 0.017
With Constant & Trend t-Statistic -2.981 -2.578 -2.975 -3.212** -5.204* -3.360***

Prob. 0.151 0.292 0.153 0.098 0.001 0.073
PP
At Level

CO2E TP GDP IND TI HE
With Constant t-Statistic -1.188 -0.890 -1.408 -1.171 -0.507 -0.431

Prob. 0.670 0.781 0.568 0.258 0.879 0.893
With Constant & Trend t-Statistic -1.015 -2.178 -0.328 1.142 -1.540 -1.868

Prob. 0.930 0.488 0.987 1.000 0.798 0.651
At First Difference
With Constant t-Statistic -2.902*** -4.152* -2.975** -2.250 -5.201* -3.556**

Prob. 0.055 0.000 0.047 0.193 0.000 0.012
With Constant & Trend t-Statistic -3.775** -1.523 -3.185 -4.714* -5.204* -3.512***

Prob. 0.027 0.803 0.103 0.000 0.001 0.053

Note: *, **& ***represent the 1%, 5% & 10% level of significance.

https://doi.org/10.1371/journal.pone.0319930.t003

Table 4.  Cointegration test.

No. of CE(s) Trace Max-Eigen
Eigenvalue Statistic Prob. Statistic Prob.

None 0.764 166.610* 0.000 53.453* 0.001

At most 1 0.662 113.157* 0.000 40.091* 0.008

At most 2 0.569 73.066* 0.000 31.152* 0.017

At most 3 0.535 41.914* 0.001 28.359* 0.004

At most 4 0.284 13.554*** 0.096 12.376*** 0.097

At most 5 0.031 1.178 0.278 1.178 0.278

Note: *, **& ***represent the 1%, 5% & 10% level of significance.

https://doi.org/10.1371/journal.pone.0319930.t004

https://doi.org/10.1371/journal.pone.0319930.t003
https://doi.org/10.1371/journal.pone.0319930.t004
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cement and steel production, release significant CO₂ as byproducts. As industrial activity 
grows, emissions increase unless mitigated by cleaner technologies or energy sources. The 
finding consistent with the line of Misra and Verma [59], while contradict from [60]. Misra 
and Verma [59] found that one of the primary causes of the rise in the atmospheric concen-
tration of heat-trapping gases, primarily carbon dioxide (CO2), is the growth of the industrial 
sector. Industrial CO2 emissions have been a major contributor to global warming and related 
climatic changes since the beginning of the industrial revolution. Mehmood et al. [60] found 
that green industrial transformation has negative effect on CO2e.

The coefficient of TI is -0.300, showing that 1% surge in the industrialization cause 
to reduce CO2e by 0.30%. Thus, Technological innovation reduces CO₂ emissions by 
improving energy efficiency, enabling cleaner energy sources like wind and solar, and 
optimizing industrial processes to produce fewer emissions. Innovations such as carbon 
capture also directly remove CO₂ from the atmosphere. Innovation promotes economic 
development, productivity gains, and the switch to low-carbon energy sources. Innova-
tion also speeds up technical advancement by permitting increased economic produc-
tion with the same amount of other inputs. Long et al. [61] reported that environmental 
innovation positively affects economic growth and environmental quality. Wang et al. 
[62], Khan et al. [4] and Azam et al. [26] reported that innovation has a favorable effect 
on environmental quality.

The coefficient of HE is negative and statistical significance sign, indicating that 1% 
increase in the higher education leads to reduce CO2e by -0.066. Lee et al. (2024) reported that 
tertiary education helps to reduce CO2e and suggested that Basic social policies like the devel-
opment of tertiary education can provide as an indirect support for global initiatives aimed 
at mitigating environmental challenges. Khan et al. [4] reported that women education has 
fourable effect on environmental sustainability. To ensure the ongoing growth of any nation, 
both men and women are essential. Increasing women’s literacy and access to high-quality 
education is one of the best ways to increase female productivity and wellbeing. The achieve-
ment of sustainable development is not only made possible by educated women, but also by 
their enlightened offspring [4,63].

4.4.  Granger causality analysis
Table 6 shows the Granger causality analyses. The results reported that there is a Uni-directional 
causality cause from CO2E to TP, GDP to CO2E, IND to CO2E, HE to CO2E, GDP to TP, 
IND to TP, TP to HE, GDP to TI, GDP to HE, IND to TI, IND to HE and TI to HE. Moreover, 
Granger causality show that there are bi-directional causality exists between TI and TP.

Table 5.  Long run estimates.

Variable FMOLS DOLS
Coefficient Std. Error t-Statistic Prob. Coefficient Std. Error t-Statistic Prob.

TP 0.116* 0.038 3.078 0.000 0.451* 0.060 7.486 0.000

GDP 0.038 0.507 0.076 0.940 0.324** 0.154 2.101 0.047

IND 0.893* 0.311 2.874 0.010 0.704* 0.031 22.637 0.000

TI -0.300** 0.120 -2.494 0.018 -0.430*** 0.234 -1.837 0.093

HE -0.066* 0.005 -13.830 0.000 -0.632*** 0.316 -2.000 0.063

R2 0.97 0.99
Adj. R2 0.96 0.98

Note: *, **& ***represent the 1%, 5% & 10% level of significance.

https://doi.org/10.1371/journal.pone.0319930.t005

https://doi.org/10.1371/journal.pone.0319930.t005
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5.  Conclusion and policy recommendation
This study empirically examined the determinants of CO2e, focusing mainly on higher 
education in China from 1985 to 2023 using the FMOLS and DOLS estimators. The findings 
showed that total population, GDP, and industry positively affect CO2e, while technological 
innovation and higher education negatively affect CO2e in China. This study recommends 
some suggestions for policymakers to enhance environmental sustainability in China: First, 
the government should provide funds for research initiatives focused on carbon reduction 
technologies and practices to drive innovation. Second. Provide incentives for using public 
transportation, biking, or walking to reduce reliance on fossil fuels. Implement electric vehicle 
charging stations to encourage the use of low-emission vehicles. Third, to develop a Cur-
riculum that embeds climate change and sustainability topics across all academic programs 
to foster informed future leaders. Fourth, encourage student participation in sustainability 
projects to enhance experiential learning. Fifth, facilitate collaborations between universities, 

Table 6.  Ganger causality test.

Null Hypothesis: F-Statistic Prob. Remarks
TP ⇎ CO2E 1.657 0.207 CO2E ⇒ TP
CO2E ⇎ TP 4.327* 0.022

GDP ⇎ CO2E 5.899* 0.000 GDP ⇒ CO2E

CO2E ⇎ GDP 0.661 0.523
IND ⇎ CO2E 6.139* 0.000 IND ⇒ CO2E

CO2E ⇎ IND 0.208 0.813
TI ⇎ CO2E 1.613 0.215 TI ⇎ CO2E
CO2E ⇎ TI 2.127 0.136
HE ⇎ CO2E 5.109* 0.000 HE ⇒ CO2E

CO2E ⇎ HE 1.617 0.214
GDP ⇎ TP 4.754** 0.016 GDP ⇒ TP

TP ⇎ GDP 2.457 0.102
IND ⇎ TP 5.447* 0.009 IND ⇒ TP

TP ⇎ IND 2.017 0.150
TI ⇎ TP 2.934*** 0.068 TI ⇐→ TP

TP ⇎ TI 3.191*** 0.055

HE ⇎ TP 2.115 0.137 TP ⇒ HE
TP ⇎ HE 8.018* 0.002

IND ⇎ GDP 1.610 0.216 IND ⇎ GDP
GDP ⇎ IND 0.665 0.521
TI ⇎ GDP 0.396 0.676 GDP ⇒ TI
GDP ⇎ TI 2.597*** 0.090

HE ⇎ GDP 0.171 0.844 GDP ⇒ HE
GDP ⇎ HE 8.737* 0.001

TI ⇎ IND 0.094 0.910 IND ⇒ TI
IND ⇎ TI 3.746** 0.035

HE ⇎ IND 0.034 0.966 IND ⇒ HE
IND ⇎ HE 10.001* 0.000

HE ⇎ TI 1.398 0.262 TI ⇒ HE
TI ⇎ HE 7.961* 0.002

Note: *,  **& ***represent the 1%, 5% & 10% level of significance.

https://doi.org/10.1371/journal.pone.0319930.t006

https://doi.org/10.1371/journal.pone.0319930.t006
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government agencies, and private companies to drive research on carbon capture and sustain-
able practices. Six, establish stringent emission reduction targets and fuel efficiency standards 
for industries to encourage the adoption of cleaner technologies. This regulatory framework 
will drive innovation and accountability in reducing CO₂ emissions. Seventh, Promote green 
growth strategies that decouple economic development from carbon emissions by investing 
in sustainable industries and technologies. Eight, encourage sustainable urbanization prac-
tices focusing on efficient land use, public transportation, and green infrastructure to manage 
population density and reduce emissions. Ninth, raise public awareness about energy con-
sumption and sustainable practices to encourage lower carbon footprints among individuals 
and communities. Tenth, support renewable energy, invest in and incentivize the transition 
to renewable energy sources to meet the growing energy demand without increasing CO₂ 
emissions.

The limitations of this study include its exclusive focus on China, which restricts the gener-
alizability of the findings to other countries. The study only examined a limited set of determi-
nants of CO2 emissions, specifically higher education, and did not consider other important 
variables. Additionally, the study will extend to emerging, developing, or developed nations, 
which could provide a broader perspective. Only FMOLS and DOLS estimators were used, 
while methods like quintile regression, AMG, and CCEMG estimators were not explored. 
Furthermore, asymmetric econometric techniques offer an additional avenue for expanding 
the study’s scope.
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