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Electric vehicles (EVs) are regarded as a key low-carbon technology to address
sustainability challenges like climate change and air pollution. However, the real-
world environmental impacts resulting from rapid EV adoption remain uncertain.
This study develops a theoretical framework to quantify the impacts of EV
adoption on energy consumption, carbon emissions, and air quality. Then we
empirically investigates the influence of surging EV uptake in China using
provincial panel data from 2015 to 2020. Our results indicate that increased EV
stocks significantly reduced gasoline consumption but boosted coal-based power
demand, shifting emissions and air pollutants from transportation to the electricity
sector rather than yielding absolute reductions. We find important regional
heterogeneity based on differences in grid generation profiles. In provinces
more reliant on coal power, the environmental impacts were more severe. The
findings also reveal a spatial spillover effect, with emissions transferred from net
power-importing regions to exporters. Overall, the rapid EV transition alone
appears insufficient to guarantee emissions cuts and environmental gains.
Complementary efforts across sectors are essential to align industrial
promotion with sustainability objectives. The empirical evidence informs
integrated policy design and metrics to maximize decarbonization as EVs are
deployed globally. Future research can build on this study by expanding
geographical scope, incorporating projections, adopting a multi-disciplinary
lens, leveraging microdata, and applying cutting-edge analytical techniques.
Pursuing these directions will further advance knowledge on sustainable EV
transitions.

KEYWORDS

electric vehicle, energy consumption, carbon emission, air pollution, sustainable
development goals

1 Introduction

Sustainable development goals have recently drawn a lot of attention. Reducing air
pollution and slowed energy consumption growth have become China’s two most pressing
concerns for sustainable development. China has promoted the use of the electric vehicles for
this reason. In 2010, the Chinese government issued the “Decision on Accelerating the
Cultivation and Development of Strategic Emerging Industries,” which listed the
development of electric vehicles industry as one of the strategic emerging industries.
Since then, the implementation of many policies has promoted the development of
electric vehicle industry. China released the “Energy-saving and New Energy Automobile
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Industry Development Plan (2012–2020)” in July 2012 and noted
that the demand for automobiles would continue to rise for a
considerable amount of time, leading to an increase in energy
consumption and more severe environmental pollution issues.
Accelerating the development of new energy vehicles would
effectively alleviate the pressure of energy consumption and
environmental pollution, stimulate the transformation and
upgrading of the automotive industry, and cultivate new
economic growth source and international competitive advantage
of strategic initiatives. In October 2020, the Chinese government
released the “New Energy Vehicle Industry Development Plan
(2021–2035),” striving to effectively promote the level of energy
conservation and emission reduction and the efficiency of social
operation, and achieve international advanced level of core
technology and strong international competitiveness of quality
brands of Chinese new energy vehicles. The rapid growth of
China’s EV industry and great efforts made by the Chinese
government attract substantial research attention (Hao et al.,
2014; Zhang et al., 2017; Wu et al., 2021).

With rapid economic development and urbanization, China has
become the world’s largest automobile market, with an average
growth rate of 17.5% since 2000 (Hao et al., 2016). Air pollution was
a common challenge in the urbanization of industrialized countries
(IEA, 2019), and automobiles have become a major source of air
pollution in China (He and Jiang, 2021). China has introduced a
series of regulations to reduce the environmental impact of air
pollutants emitted by automobiles. Liu et al. (2022) used the
emission factor method to analyze automobile air pollutant
emissions in 31 provinces from 2006 to 2016, and their results
showed that pollutants emission efficiency of automobiles had a
significant inhibitory effect on three major air pollutants. In terms of
the structure of energy consumption in automobile industry, electric
vehicles, as an effective means to reduce air pollution, have long been
the focus of government attention (Su et al., 2021). Xie et al. (2021)
explored the environmental impact of subsidies for electric vehicles
on urban air pollution. Their results indicated that a 1% increase in
the size of subsidies for electric vehicles would reduce air pollution
levels by 0.15%. Su et al. (2021) found that electric vehicles could not
be regarded as effective measures to reduce air pollution. They
suggest that EVs still do not account for a high proportion of car
sales, and therefore, its effect on environmental protection is
not obvious.

Carbon emission has been one of the important research topics
of sustainable development. Automobiles emit large amounts of
carbon compounds, causing serious environmental pollution
problems, and efforts have been made worldwide to address this.
Klier and Linn (2015) analyzed new vehicle registration data from
European countries and found that CO2 taxes reduced car
registrations. In order to reduce automotive carbon emissions,
China has also introduced several policies to develop EV
industry. Zhao and Sun (2022) analyzed short- and long-term
policy effects related to EV industry on carbon emissions in the
local transportation sector. They found the increasing use of electric
vehicles reduced carbon emission. Yu et al. (2022) found that the
total life-cycle energy consumption and carbon emission of all
electric vehicles are lower than those of gasoline vehicles.

China’s growing oil demand brings negative issues such as
energy security concerns, carbon emissions and air pollution. It

was important to control the total oil consumption to ensure the
security of national energy supply, and to cope with climate change
and environmental pollution (Jiang et al., 2022). The transportation
sector was the main source of crude oil consumption and carbon
emissions in China (Wang et al., 2019). According to the forecast of
Ma et al. (2012), 64% of crude oil consumption by 2030 would be
consumed by the transportation sector. If the Chinese government
took no action on reducing oil demand, China’s oil demand would
reach 808 million tons annually by 2030, with 43% of that demand
coming from transportation. China’s reliance on oil imports would
have increased to 80% by then (Oliver et al., 2009). Automobiles
have emerged as one of the major contributors to the growth in oil
consumption (Zhang et al., 2017). The use of electric vehicles could
largely help reduce oil consumption. According to estimates made
by Wu et al. (2012), coal power would reduce well-to-wheels
(WTW) CO2 emissions by 17% compared to a low-private light
passenger vehicle scenario by 2030, when it was projected to
generate only 41% of the nation’s electricity.

Electric vehicles have been seriously considered as an industrial
revolution toward sustainable transportation in China as a result of
the serious environmental, energy security, and health issues that are
being caused by the rapid increase in the number of automobiles
(Wu et al., 2012). Zhao and Heywood (2017) investigated how
electrification could help cut energy demand, oil dependence, and
carbon emissions from transportation in China. Their findings
showed that electric vehicles had a great potential to do so
because of its high efficiency in energy use. The performance of
electric vehicles varied across different countries. Holland et al.
(2016) analyzed and compared the relevant data of gasoline-
powered vehicles and electric vehicles in various states in the
United States, revealing that the environmental benefits of
electric cars differ due to local pollution and policies. As
transportation was a significant contributor to global and local
air pollution (Davis and Kilian, 2011), electric vehicles had a
unique appeal in transforming individual transportation. Holland
et al. (2021) used a dynamic model that captured the decreasing cost
of electric cars to analyze this transition in terms of reducing
electricity pollution and increasing vehicle substitutability. Their
analysis of the US market showed that transitioning from gasoline
cars was not optimal under current substitutability, as a ban on
gasoline car production would result in significant unnecessary
losses. Additionally, in the United Kingdom, the pleasure of
driving and the identity derived from owning and using EVs also
influenced drivers’ willingness to use electric cars (Schuitema
et al., 2013).

Since 2009, China started to clarify the development of EVs and
explicitly increased related financial support. In 2011, a
comprehensive transition strategy for pure electric drive
technology was proposed. The rollout took place in cities that
qualified for the subsidy between 2009 and 2015. In 2016 the
subsidy was expanded to the entire nation. Price subsidies
decreased from 2016 to 2020. Financial support policies implied
that the government believed the cost of EVs will fall as
commercialization rose (Hao et al., 2014).

In the process of automobile electrification, electricity was
mainly derived from thermal power generation, which was
closely related to carbon emissions. Therefore, the use of coal
should also be of concern. Li and Leung (2012) examined the
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relationship between coal consumption and real GDP in China and
found that the relationship between coal consumption and GDP in
eastern and central regions was bidirectional, and thus energy
conservation measures may have dragged down the economies of
eastern and central regions where coal-intensive industries were
concentrated. Hofmann et al. (2016) applied a scenario analysis and
argued that EV industry could contribute to the reduction of oil
dependence, improvement of air quality, and reduction of carbon
emissions only when their introduction was accompanied by
aggressive electricity sector decarbonization.

Some literatures point out that the EV industry can hardly
reduce air pollutants and GHG emissions (Ji et al., 2015; Mahmoud
et al., 2016; Huo et al., 2010). If electricity is still generated by fossil
energy, the reduced carbon emissions and air pollution of electric
vehicles in the transportation sector will be partially offset by the
increase in the electricity sector. The adoption of EVs can only
transfer the pollution and carbon emission between departments,
which is not conducive to reduce the total carbon emissions,
environmental pollution and reliance on fossil energy. As
electricity in China mainly comes from thermal power
generation, the relationship between the use of electric, carbon
emission, air pollution and energy consumption remain unclear.
Thus, we investigate whether the development of EV industry help
reduce carbon emission, air pollution and energy consumption
in China.

This study addresses the pressing research question of how
surging electric vehicle adoption in China is impacting energy
consumption, carbon emissions, and air pollution. The primary
objective is to provide empirical evidence on the holistic
environmental sustainability impacts of EVs based on recent
provincial data. Most prior studies are prospective and rely on
scenarios, hence our work fills the knowledge gap by quantifying
real-world outcomes from the expansion of EVs across provinces
and over time. Investigating these dynamics is crucial given the
central role of EVs in China’s carbon peaking and neutrality
strategy. This research would help coordinate policy design and
integrated metrics that align industrial growth with emissions
mitigation across sectors.

Our findings suggest that increasing EV consumption
significantly reduces gasoline consumption, which is consistent
with previous studies that the problem of oil dependence has
been alleviated (Hofmann et al., 2016; Zhao and Heywood,
2017). However, we find that an increase in EVs have a positive
effect on coal consumption in general, implying that the electricity
consumed mainly comes from thermal power generation, which
uses coal as the main source. The impact of increased coal burning is
much higher than that of reduction in gasoline burning, resulting in
an increase in total carbon emissions in China. For the overall
impacts on the air quality index, our results suggest EVs have no
significant impact.

It is also interesting to note that for regions with high thermal
power reliance, using more EVs does not change much of the total
CO2 emission of the region. However, for regions with relatively
lower levels of thermal power reliance, an increase in EVs shows a
significant increase in total CO2 emissions. Low thermal reliance
areas relied more on renewable or other clean energy to generate
electricity, however, with a large influx of EVs, the original power
capacity does not seem to be sufficient to supply the EV, therefore,

these regions would start to use coal to satisfy the increased
electricity need. In addition, our results suggest that EVs increase
CO2 emissions in net electricity export regions but do not have a
significant effect in net electricity import regions.

We make several contributions to the literature. First, we
advance the literature by quantifying the impacts of EVs on oil
dependence, carbon emissions, and air pollution. We find that EVs
can increase overall coal consumption and result in higher carbon
emissions and air pollution in China, which echoes the findings of
Hofmann et al. (2016) and Su et al. (2021). Second, we provide new
insight into how the initial state of energy profile (i.e., whether it uses
coal or clean energy) affects the EVs-carbon emission relationship
and find regions with a higher initial clean energy source actually
contribute to most of the incremental increase in coal consumption
in China. Last, we provide evidence showing that the EV-carbon
emission/air pollution relationship depends on the location of the
power plant, especially whether the region has a net electricity export
or a net electricity import.

This paper is organized as follows. Section 2 provides a literature
review on EVs and their environmental impacts. Section 3 develops
the theoretical framework to ground empirical analysis. Section 4
describes the data used in the empirical analysis. Section 5 develops
the empirical models. Section 6 discusses the main results and
conducts heterogeneity investigation. Section 7 discuss the
contributions, policy implications and limitations. Section
8 concludes.

2 Literature review

2.1 Electric vehicles, policies and the
environment

Compared to conventional gasoline vehicles, the tailpipe
emissions of EVs can drastically reduce chemical substances,
such as CO2, Nitrogen oxides (NOx), and Sulphur dioxide (SO2).
A large body of literature has documented the favorable impacts of
electric vehicles on the environment. For example, by applying
quantile-on-quantile regression on monthly data, Xu et al. (2021)
find that EVs reduce CO2 emissions in eight leading countries. Using
the method of moments quantile regression, Kazemzadeh et al.
(2022) find that both battery electric vehicles and plug-in hybrid
electric vehicles can significantly reduce air pollutants PM2.5 in
28 European countries from 2010 to 2019. Using a similar quantile
regression method, Fuinhas et al. (2021) and Koengkan et al. (2022)
find that electric vehicles can also reduce greenhouse gas emissions
in European countries. Using an Electricity Supply and Emissions
Model, Zhao and Heywood (2017) forecast that the electrification of
light-duty vehicles can reduce the energy demand, oil dependence,
and greenhouse gas emissions in China in the feasible future.
Analyzing from a life cycle perspective, Yu et al. (2022) find the
life cycle total energy consumption and greenhouse emissions of all-
electric vehicles are lower compared to gasoline internal combustion
engine vehicles.

Since government energy and environment policies can impose
constraints or provide incentives to car manufacturers and vehicle
consumers, the discussion on the relationship between electric
vehicles and environments often extends to evaluations of the
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government’s policies. For instance, Government policies, such as
imposing a CO2 tax can reduce car registrations and greenhouse gas
emissions (Klier and Linn, 2015). Holland et al. (2021) find that
simply put a gasoline vehicle production ban would not be optimal
given the current U.S. market condition. A cumulative gasoline
vehicle production quota and an electric vehicle purchase subsidy
will have a smaller deadweight loss and are more desirable. Klier and
Linn (2015) find that the carbon dioxide (CO2) emission rate tax
discourages new vehicle registration in France, Germany, and
Sweden. He and Jiang (2021) find that the policy which restricts
gasoline car purchases significantly slowed down the growth of daily
PM10 in the policy-treated cities. Xie et al. (2021) find that the
implementation of the new energy vehicle1 subsidy program, which
in turn increases electric vehicle sales, could significantly improve
urban air pollution in China from 2006 to 2018.

2.2 Electricity industry and environment

Although the direct reduction of air pollutants and greenhouse
emissions from electric vehicles’ tailpipes is indisputable, their
overall environmental impact is more complicated. The main
reason is that the power source of electricity can come from
burning fossil fuels, especially coal, which produces a large
amount of air pollutants and emits greenhouse. Therefore, to
evaluate the consequence of switching from conventional fossil
fuel vehicles to electric vehicles in one region, it is imperative to
understand its electricity-generating system. Holland et al. (2016)
find in the United States; the environmental benefits of electric cars
differ in different states due to the distributed nature of the
electricity grid. California, for instance, can generate much of its
electricity from clean energy sources, and it will be better off
switching from gasoline to electric vehicles, while in North
Dakota, where electricity is mainly generated from burning coal
and natural gas, switching to electric vehicles can even increase air
pollutants and greenhouse emissions. Ajanovic and Haas (2019)
make a life cycle assessment of EV’s environmental impact and find
the environmental benignity of EVs is most sensitive to the
electricity mix. Increasing the share of renewable energy sources
in electricity generation is crucial for EVs to have a beneficial
environmental impact.

In China, there is also substantial evidence showing that with the
current electricity sector profile, which is mainly from burning coal,
massive adoption of electric vehicles can negatively impact the
environment. For example, Wu et al. (2012) find that driving
electric cars can help cut per-kilometer petroleum use
substantially, but do not reduce CO2 emissions, especially in
areas where coal is the main power source for electric generating.
Ji et al. (2015) find that using electric vehicles in urban areas shifts air
pollution to rural areas, where most power plants are located. Su
et al. (2021) analyze the transportation sector and find no evidence
that new energy vehicles help reduce air pollutants (PM2.5) in China
from 2013 to 2020. Using an environmental Input-Out model and

scenario analysis, Hofmann et al. (2016) find that if gasoline vehicles
are replaced by electric vehicles, which are powered by 80% coal, the
CO2 emission reduction in the petroleum sector will be offset by an
increase in the electricity sector, leaving the total national CO2

emission unchanged.
Our study differs from previous literature in several ways.

First, we make a refinement on the measurement of EV’s
prevalence, including both the absolute quantity and relative
quantity (as compared to gasoline vehicles) to better capture the
adoption scale in different regions in China. Second, we not only
analyze the total CO2 emission, but also distinguish CO2

generated from Gasoline from Coal in our main analysis and
heterogeneity analysis, which provides quantitative evidence
showing the how EVs transfer emissions from tailpipes to
thermal power plants. Third, we consider EV’s impacts on
carbon emissions and air pollution accounting for
heterogeneous electricity generation profile and net export/
import status using province level data, which have not been
thoroughly studied in previous literature.

3 Theoretical framework

This section discusses the theoretical framework that
identifies the relationships among vehicle usage, energy
consumption, CO2 emission, and air pollution. First and
foremost, we would like to pin down how vehicles use (both
electric and internal combustion engine vehicles) can affect
energy consumption. Our framework builds upon the work by
Beenstock and Dalziel (1986) which analyzes factors that can
affect energy demand. Hasanov (2021) provides a modified
framework that incorporates demographic measure into the
energy demand function. In this study, we extend previous
model by including vehicles usage into the analysis.

The production of transportation service (measured by the usage
of either electric and internal combustion engine vehicles) depends
on the availability of energy, labor, and capital, which can be
expressed as:

V � F L,K, E( ) (1)
We assume that the production of transportation service takes

the Cobb-Douglas type production function and Eq. 1 can be
written as:

V � ALαKβEγ (2)
The natural logarithmic transformation of Eq. 2 can be

expressed as:

lnV � lnTFP + αlnL + βlnK + γlnE (3)
The first order condition can be derived by cost minimization

from Eq. 3. Then we can derive the energy demand equation:

lnE � θ0 + θ1lnV + θ2 ln pk + θ3 ln pe − θ4lnTFP + θ5 ln pl (4)
where pl, pk, pe are the price of labor, capital, and energy. The details
of deriving Eq. 4 are similar to Hasanov et al. (2021).

Since that energy is the sum of fossil fuels energy (FE) and
renewable energy (RE), and the vehicles include electric vehicles

1 The new energy vehicles refer to the vehicles powered by electricity in
this context.

Frontiers in Environmental Science frontiersin.org04

Lu et al. 10.3389/fenvs.2023.1276382

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1276382


(EV) and internal combustion engine vehicles (ICEV) Eq. 4 can be
written as:

ln FE + RE( ) � θ0 + θ1 ln EV + ICEV( ) + θ2 ln pk + θ3 ln pe

− θ4lnTFP + θ5 ln pl (5)

Applying Taylor expansion to the both side and ignore high-
order terms, we have ln(FE + RE) ≈ FE + RE and
ln(EV + ICEV) ≈ EV + ICEV. Then Eq. 5 can be written as:

FE � θ0 + θ1 EV + ICEV( ) + θ2 ln pk + θ3 ln pe − θ4lnTFP

+ θ5 ln pl − RE (6)

Next, we examine the relationship between CO2 emission, air
pollutant emissions and vehicles usage. CO2 emission is
proportional to fossil fuel energy use (Hasanov, 2021), and air
pollution level is also directly linked with energy consumption
and the transportation sector. Burning more fossil fuels, in
particular, can increase air pollution level substantially.
Therefore, we can express the relationship between CO2 and air
pollutants emissions with fossil energy use: CO2 � j*FE and
AirPol � k*FE Using these equations, we can show that:

CO2 � 1
j

θ0 + θ1 EV + ICEV( ) + θ2 ln pk{

+ θ3 ln pe − θ4lnTFP + θ5 ln pl − RE} (7)

AirPol � 1
K

θ0 + θ1 EV + ICEV( ) + θ2 ln pk{

+ θ3 ln pe − θ4lnTFP + θ5 ln pl − RE} (8)
Equations 6–8 show clear relationships between the use of EV

with fossil energy consumption, carbon emission and air pollutants
emissions. Thus, this study aims to figure out their relationship
empirically.

4 Data

We focus on the impact of EVs on air pollution, carbon
emissions, and energy consumption in this paper. We collected
the most recent data and our sample spans the years 2015–2020.
This corresponds to the years of rapid EV adoption following major
government promotion policies. By spanning the initial policy
rollout through mass market uptake, our study period captures
the environmental impacts of recent EV expansion triggered by
industrial planning.

Our data on automobiles, which includes the number of electric
and conventional vehicles, is collected from DaaS-Auto database. In
terms of air pollution, we collect data on the air quality index (AQI),
PM2.5, and PM10 from the China Air Quality Online Detection and
Analysis Platform. The provincial air quality data is calculated by

FIGURE 1
Historical trends of average air quality index in each province.
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FIGURE 2
Historical trends of energy dependence.

TABLE 1 Definition of variables.

Abbreviation Variable Definition Source

EV Electric vehicle Electric vehicle holding by citizens DaaS-Auto

ICGV Internal combustion
engine vehicles

Internal combustion engine vehicles holding by citizens

AQI Air Quality Index The level of air pollution China Air Quality Online Detection
and Analysis Platform

PM2.5 Particulate Matter 2.5 Particulate matters that have a diameter less than 2.5 μm

PM10 Particulate Matter 10 Particulate matters that have a diameter less than 10 μm

GDPPC GDP Per Capita Total output divided by total population the National Bureau of Statistics of
China

IAV Industrial added value The gross output value of industrial enterprises minus the purchase of raw
materials

PD Population density Density of population (person/sq.km)

AA Afforestation area In all the land that can be planted, trees and shrubs are planted by various
methods, and the survival rate reaches 85% or more(hectare)

TWG Treatment of waste gas Amount of investment completed in industrial waste gas pollution control
projects

EMP Employments The number of people who engage in a certain social labor and obtain labor
remuneration or operating income (10 thousands people)

EC Energy Consumption Within a certain area, the various energy sources of various industries and
residential families in the national economy and households will consume in a
certain period of time. (10 thousand tons of standard coal)

The National Bureau of Statistics of
China

Gaso Gasoline Consumption of this energy by region (10 thousand tons)

Coal Coal

CO2 Total amount of carbon
emissions

The sum of carbon emissions of various energy sources (10 thousand tons) CSMAR

GCO2 Gasoline carbon emissions Carbon emissions from gasoline consumption (10 thousand tons)

CCO2 Coal carbon emissions Carbon emissions from coal consumption (10 thousand tons)
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taking the average of the cities within each province. Figure 1 shows
the historical trends of the distribution of average air quality index.
Clearly, the air pollution has been mitigated during this period, due
to substantial efforts in environmental protection made by the
Chinese government. However, the impact of EV adoptions on
air quality can hardly be concluded from Figure 1. Therefore, we
employ the panel regression to uncover this issue.

Energy consumption data, such as gasoline and coal are gathered
from CSMAR database and the National Bureau of Statistics of
China. Total amount of carbon emissions, carbon emissions from
gasoline consumption and coal consumption are gathered from
CSMAR. These variables of energy consumption, emissions, and air
pollutants are commonly examined in the literature, which align
with our research objective of assessing the holistic environmental
impact of EVs. Figure 2 shows the historical energy dependence
structure during the sample period. Although the proportion of
clean energy is significantly increasing, China still relies heavily on
thermal power, implying that most of the electricity consumed from
EV adoption and production come from coal consumption. Thus,
the impact of EV adoption on SDGs remains unclear.

Our sample covers 32 provinces and districts in Chinamainland.
Other control variables are collected from the National Bureau of
Statistics of China which include GDP Per Capita, industrial added
value, population density, afforestation area, proportion of urban
population, treatment of waste gases, total energy consumption and
employment. These control variables are widely used in previous
studies. Their inclusion follows established models linking
emissions, energy use, and growth. We also control for overall
energy consumption based on prior work showing its importance
in explaining environmental performance. Table 1 lists the

definitions of the variables and Table 2 provides the summary
statistics. As the recent panel literature states, non-stationarity,
cross-sectional dependency, and heterogeneity issues should be
addressed in empirical studies (Baltagi and Hashem Pesaran,
2007; Pesaran, 2015; Liddle and Hasanov, 2022). According to
the Pesaran (2007) panel unit root test for heterogeneous panels
(CIPS), some variables are non-stationary. Pesaran (2015) CD
test shows that significant cross-sectional dependency exists in
most variables. Therefore, we report cluster robust standard
errors and test their cointegration relationship in the
empirical analysis to address the cointegration and cross-
sectional dependency issues.

5 Models

Our study utilizes fixed effects panel regression models to
estimate the impact of electric vehicle adoption on environmental
outcomes. The fixed effects specification controls for unobserved
heterogeneity across provinces that are time-invariant, such as
geographical factors, resource endowments, or cultural
differences. The fixed effects absorb these provincial differences
so the models isolate the effects of predictors that change over time,
like EV adoption and economic growth. Panel models with fixed
effects are commonly used in policy evaluation and technology
impact studies to control for time-invariant confounders and
estimate causal relationships. The province and year fixed effects
in our models account for unobserved provincial differences and
temporal trends, allowing us to identify the influence of EV growth
on emissions, energy, and air quality.

TABLE 2 Summary statistics.

Variable Obs Mean Std. dev. Min Max Pesaran CIPS test (p-values) Pesaran CD test (p-values)

EV 186 40444.78 67515.17 0 408,920 1 0

ICGV 186 5,123,335 4,090,626 117,249 1.98E+07 0.75 0

AQI 186 74.92566 21.75624 29.29235 134.6247 0.02 0

PM2.5 186 44.8984 16.7045 8.136612 94.59452 0.01 0

PM10 186 79.96283 30.57009 22.71585 164.8 0.53 0

EMP (10 thousands) 186 2491.52 1674.005 181 7,039 1 0.092

CO2 (10 thousand tons) 150 44117.57 32248.43 5525.828 151698.3 0.76 0

GCO2 (10 thousand tons) 150 1405.273 926.2363 54.9717 4571.759 0.92 0

CCO2 (10 thousand tons) 150 28125.07 22927.73 347.8136 97668.66 0.83 0.3

EC (10 thousand tons) 180 15621.68 9260.523 1,916 41826.8 1 0

Gaso (10 thousand tons) 180 484.3729 317.9312 18.77 1561.02 0.91 0

Coal (10 thousand tons) 172 15080.29 12363.17 134.98 53739.03 0.82 0.3

GDPPC 186 60892.79 28462.29 25945.98 164,158 0.50 0

IAV 186 11595.28 10084.61 376.187 44270.51 0.92 0

PD (person/sq.km) 185 2897.07 1097.451 1135.53 5,515 0.35 0

AA (hectare) 186 33.39726 18.17508 4.24 66.8 0.99 0

TWG 184 137,648 160639.7 0 966722 0.11 0
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We first construct the following models to investigate the impact
of EV holdings on energy consumption such as gasoline and coal.

Energyi,t � a0 + a1EVi,t + a2ICEVi,t + Xβ + ηi + τt + εi,t (9)
Energyi,t � a0 + a3EV/ICEVi,t + Xβ + ηi + τt + εi,t (10)

where Energy refers to gasoline or coal consumption. EVi,t

represents for electric vehicle holdings in province i in year t.
EV/ICEVi,t is the ratio of EV holdings to fuel car holdings. X is
the vector of control variables. Here, the control variables are
selected according to He et al. (2005) and Chai et al. (2012). ηi is
the provincial fixed effect, and τt is time fixed effect.

Then, we construct the following models to investigate how EV
holdings affect carbon emissions.

CO2i,t � a0 + a1EVi,t + a2ICEVi,t + Xβ + ηi + τt + εi,t (11)
CO2i,t � a0 + a3EV/ICEVi,t + Xβ + ηi + τt + εi,t (12)

where CO2 refers to total carbon dioxide emission, carbon dioxide
emission from gasoline consumption or carbon dioxide emission
from coal consumption.X is the vector of control variables. Here, the
control variables are selected according to Wang et al. (2013) and
Lin and Du (2015). Again ηi and τt represent for the provincial and
time fixed effect, respectively.

Last, we investigate the influence of EV holdings on air pollution
by applying the following models

AirPollutioni,t � a0 + a1EVi,t + a2ICEVi,t + Xβ + ηi + τt + εi,t

(13)
AirPollutioni,t � a0 + a3EV/ICEVi,t + Xβ + ηi + τt + εi,t (14)

where air pollution is represented by air quality index (AQI),
PM2.5 or PM10. X is the vector of control variables selected
according to Xie et al. (2021) and He and Jiang (2021). The
empirical analysis is conducted in Stata.

The procurement of electric vehicles is primarily dictated by
consumer preferences and is independent of the variables of energy
consumption, carbon emissions, and air pollution. Consequently,
the analysis conducted in this study does not involve the

contemplation of reverse causality, as the examined factors hold
no discernible impact on the decision-making process regarding
electric vehicle acquisition.

6 Empirical results

6.1 Impact of electric vehicle holdings on
energy consumption, carbon emission and
air pollution

First, we examine the influence of EV holdings on energy
consumption. Table 3 reports the results of Eqs 9, 10. To
account for cross sectional dependency, cluster robust standard
errors are reported. Clearly, we can observe that EV holdings
have a significant negative impact on gasoline consumption and
a positive impact on coal consumption, suggesting that the use of
electric vehicles can significantly reduce gasoline consumption.
However, since electricity mainly comes from thermal power
generation, the use of electric vehicles significantly increased coal
consumption. On the other hand, the fuel car holdings have no
significant impact on gasoline consumption. That is because the
Chinese government made great efforts to restrict the use of fuel
cars. For example, license issuance for fuel car has been strictly
restricted in Beijing and Shanghai, however, for electric vehicles,
license issuance is unlimited with no license fee.

Then we replace the number of electronic and fuel cars by their
ratios. We can observe that the EV/ICGV ratio has significant
negative impact on gasoline consumption and positive impact on
coal consumption. Totally, these results suggest that the use of EVs
reduce the gasoline consumption, and thus reduce the reliance on oil
import. However, EV cannot reduce the reliance on fossil energy. In
addition, CIPS test shows that the residuals are stationary,
suggesting the cointegration relationship holds.

Then, we examine the influence of EVs on carbon emissions.
Table 4 represents these results from Eqs 11, 12. Obviously, the
increase of EVs significantly reduced carbon emissions from

TABLE 3 Impact of EV holdings on gasoline and coal consumption.

Gasoline Coal

EV −5.17e−4*** (0.00) 6.51e−3** (0.04)

ICGV 4.42e−6 (0.50) −9.62e−4*** (0.00)

EV/ICGV −1347.40** (0.04) 58023.94*** (0.00)

EMP −0.07** (0.02) −0.09*** (0.00) −0.52 (0.49) −0.33 (0.67)

GDP 0.01*** (0.00) 4.9e−3** (0.02) −0.28*** (0.00) −0.52*** (0.00)

IAV −0.01* (0.06) 1.06e−5 (0.99) 0.52*** (0.00) 0.82*** (0.00)

EC 2.01e−3 (0.63) 2.04e−3 (0.65) 1.78*** (0.00) 1.78*** (0.00)

Individual fixed effect Yes Yes Yes Yes

Time fixed effect Yes Yes Yes Yes

CIPS I(0) I(0) I(0) I(0)

Adj.R2 0.59 0.55 0.75 0.71

Values in parentheses are p-values. *, **, and *** represent for significance at 10%, 5%, and 1%, respectively. CIPS shows that the residuals are stationary.
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gasoline consumption and increased carbon emissions from coal
consumption. These results are in line with Table 3. In addition, the
positive impact of EVs on carbon emissions from coal consumption
is much larger than the negative impact on carbon emissions from
gasoline consumption. As a consequence, we can observe that EV
holdings significantly increased total carbon emission. That is
because the production of EVs increased dramatically in recent
years. In 2021, China sold over 3.5 million EVs, about 52% of the
whole sales in the world. Although the increased carbon emissions
from coal consumption by the use of EVs can be offset by the
decrease of the use of fuel cars, the carbon emission in the
production process of EVs still increased substantially. After

replacing the number of EV and fuel car holdings by their ratio,
similar results can be obtained. Totally, we can conclude that under
the current stage, the development of EV industries does not help
reducing carbon emissions.

Finally, we examine the influence of EV holdings on air
pollution. Table 5 represents these results from Eqs 13, 14.
Clearly, EVs has no significant impact on air quality index,
PM2.5 and PM10. Given the fact that EV holdings would
increase the consumption of coals, the air pollutants emission
was transferred from the oil consumption to coal consumption.
Thus, at the current stage, developing the EV industry cannot
help mitigating air pollution.

TABLE 4 Impact of EV holdings on carbon emissions.

CO2 Gasoline CO2 Coal CO2

EV 0.02*** (0.01) −0.002*** (0.00) 0.01* (0.08)

ICGV −0.0003 (0.36) 0.00002 (0.44) −0.002*** (0.00)

EV/ICGV 66119.26* (0.06) −4882.858* (0.07) 68230.08* (0.06)

EMP −8.63*** (0.00) −7.79*** (0.01) −0.01 (0.97) −0.09 (0.68) −3.42 (0.20) 0.05 (0.98)

GDP −0.63*** (0.00) −0.52*** (0.00) 0.04*** (0.00) 0.02*** (0.00) −0.43*** (0.01) −0.79*** (0.00)

IAV 0.92*** (0.00) 0.71*** (0.00) −0.05** (0.03) −0.02 (0.19) 0.67** (0.02) 1.00*** (0.00)

EC 4.56*** (0.00) 4.58*** (0.00) 0.006 (0.70) 0.007 (0.71) 3.88*** (0.00) 3.79*** (0.00)

Individual fixed effect Yes Yes Yes Yes Yes Yes

Time fixed effect Yes Yes Yes Yes Yes Yes

CIPS I(0) I(0) I(0) I(0) I(0) I(0)

Adj.R2 0.85 0.84 0.59 0.57 0.80 0.76

Values in parentheses are p-values. *, **, and *** represent for significance at 10%, 5%, and 1%, respectively. CIPS shows that the residuals are stationary.

TABLE 5 Impact of EV holdings on air pollution.

AQI PM2.5 PM10

EV −1.3e−5 (0.68) −2.6e−5 (0.35) 1e−5 (0.82)

ICGV −5.5e−7 (0.66) −7.3e−7 (0.54) −1.6e−6 (0.39)

EV/ICGV −58.37 (0.69) −50.98 (0.72) 193.59 (0.44)

GDPPC −9.4e−5 (0.66) −2.1e−4 (0.36) −3.7e−7 (0.99) −1.1e−4 (0.62) 1.4e−4 (0.64) 1.6e−6 (0.99)

IAV/GDP 0.91** (0.02) 1.09** (0.02) 0.69** (0.04) 0.93** (0.04) 0.91* (0.09) 1.16* (0.07)

PD −1.1e−3 (0.50) −1.3e−3 (0.42) −9.5e−4 (0.52) −9.9e−4 (0.49) −4.5e−3 (0.11) −4.9e−3* (0.07)

AA 0.18 (0.76) 0.07 (0.91) 0.02 (0.98) −0.02 (0.97) 0.74 (0.45) 0.58 (0.56)

TWG 5.1e−6 (0.37) 6.7e−6 (0.27) 2.3e−6 (0.61) 4.5e−6 (0.40) 1.6e−5 (0.0.12) −1.7e−5 (0.12)

EC 1.3e−3** (0.04) 1.2e−3** (0.04) 1.4e−3*** (0.01) 9.8e−4 (0.11) 2.5e−3* (0.08) 2.4e−3** (0.04)

Individual fixed effect Yes Yes Yes Yes Yes Yes

Time fixed effect Yes Yes Yes Yes Yes Yes

CIPS I(0) I(0) I(0) I(0) I(0) I(0)

Adj.R2 0.75 0.75 0.71 0.69 0.72 0.73

Values in parentheses are p-values. *, **, and *** represent for significance at 10%, 5%, and 1%, respectively. CIPS shows that the residuals are stationary.
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In sum, we can conclude that the significant increase in electric
vehicles help reducing the consumption of gasoline, and thus reduce
the reliance on oil import. However, since the electricity is mainly
generated by coal, the carbon emissions and air pollutants emissions
are transferred from oil consumption to coal consumption.

Therefore, the development of EV industry cannot help reducing
carbon emissions and mitigating air pollution. Our empirical results
suggest that unless the electricity industry decarbonized, the
introduction of EVs would not contribute to air quality
improvement and carbon emission reduction.

FIGURE 3
Thermal power reliance in 2021.

TABLE 6 Heterogeneity analysis based on thermal power reliance.

Gasoline Coal CO2 Gasoline CO2 Coal CO2 AQI PM2.5 PM10

Group A: Above the average level of thermal power reliance

EV −4.4e−4* −0.01 8.2e−3 −1.6e−3* −1.7e−4 −1.2e−5 −2.1e−5 2.2e−5

(0.08) (0.46) (0.55) (0.08) (0.99) (0.7) (0.43) (0.64)

ICGV 4.8e−6 −6.7e−4* −5.8e−4 5.5e−5* −1.6e−3*** −3.7e−7 −6.1e−7 −−1.6e−6

(0.57) (0.09) (0.20) (0.08) (0) (0.78) (0.62) (0.37)

Adj.R2 0.54 0.34 0.86 0.60 0.87 0.78 0.74 0.78

Group B: Below the average level of thermal power reliance

EV −1.2e−3*** 0.03*** 0.04** −5.6e−3*** 0.06*** 7.8e−5* 2.3e−5 1.3e−4

(0) (0.01) (0.02) (0) (0) (0.05) (0.17) (0.12)

ICGV 2.4e−5 −5e−5 −1.3e−3 1.5e−4 −1.9e−3** −8.4e−6** −6.3e−6** −1.5e−5***

(0.58) (0.95) (0.36) (0.38) (0.03) (0.02) (0.01) (0)

Adj.R2 0.78 0.33 0.87 0.84 0.66 0.83 0.81 0.80

Control variables Yes Yes Yes Yes Yes Yes Yes Yes

Individual fixed effect Yes Yes Yes Yes Yes Yes Yes Yes

Time fixed effect Yes Yes Yes Yes Yes Yes Yes Yes

Values in parentheses are p-values. *, **, and *** represent for significance at 10%, 5%, and 1%, respectively.
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6.2 Heterogeneity analysis: thermal
power reliance

As concluded above, the primary reason that the
development of the EV industry has not reduced carbon
emissions and air pollutants emissions is the heavy reliance on
thermal power generation. As a result, we investigate the regional
heterogeneity of the influence of EV industry development based
on thermal power reliance. Figure 3 shows the percentage of
thermal power generation to total power generation in each
province in 2021. We divide our sample into two
groups—above and below the average level of thermal power
reliance in China.

The findings of the heterogeneity study based on thermal power
reliance are shown in Table 6. The EVs significantly cut gasoline
consumption in Group A, which is heavily reliant on thermal power
generation. However, coal consumption did not grow considerably.
As a result, carbon emissions from gasoline use were greatly reduced,
while overall carbon emissions and carbon emissions from coal
consumption were not significantly raised. As a consequence, EVs
has no discernible influence on air pollution.

On the other hand, EVs significantly reduced gasoline
consumption and boosted coal consumption in group B, which
relies less on thermal power generation. As a result, carbon
emissions from gasoline consumption were greatly lowered,
whereas overall carbon emissions and carbon emissions from
coal consumption were significantly raised. In addition, the
influence of the substantial increase in EVs on air pollutants
emissions is limited.

These findings imply that coal consumption, carbon emissions,
and air pollution emissions by industries are extremely high in
regions that rely heavily on thermal power generation. Despite rapid
growth in the EV sector in recent years, the quantity of coal
consumed, carbon emissions, and air pollutants generated by the
EV industry is fairly minor when compared to traditional heavy
polluting industries. However, in regions where thermal power
generation is less prevalent, basic coal consumption, carbon
emissions, and air pollution emissions are comparatively low. As
a result, the rapid development in EVs boosted coal consumption
and carbon emissions in these locations. Because regions that rely
less on thermal power do not suffer from severe pollution, the
widespread use of electric vehicles could not considerably reduce
air pollution.

6.3 Heterogeneity analysis: net electricity
imports and exports

In China, the disparities in economic growth and energy
distribution among regions dictate the many linkages between
electrical power generation and consumption. Electricity gaps
(defined as electricity generation minus electricity consumption)
are common in developed regions, although economically
impoverished regions in the central and western regions usually
generate extra electricity. As a result, the impact of promoting
electric vehicles in certain regions will be determined by local
power sources. If a region’s power supply is mostly provided by
other provinces, an increase in electricity consumption caused by the

promotion of electric vehicles in that region would have less of an
impact on local carbon and air pollutants emissions, resulting in an
increase in carbon and air pollutants emissions in electricity
exporting provinces. Thus, based on net electricity import and
export, we analyze the regional heterogeneity of the effect of EV
sector growth. Figure 4 displays the difference between electricity
generation and consumption in 2021. Our samples are divided into
two categories: net electricity import regions and net electricity
export regions.

The findings of the heterogeneity study based on net
electricity import and export are presented in Table 7.
Clearly, the growth of the EV sector has had no discernible
influence on coal consumption or carbon emissions in net
electricity import regions. However, the growth of the EV
industry significantly increased overall carbon emissions and
carbon emissions from coal consumption in net electricity
export regions. These results indicate that China’s unequal
distribution of electricity has a regional transfer effect on the
impact of EV promotion on carbon emissions. The increased
demand for electricity generated by the growth of EVs has also
been transferred to electricity exporting areas. As a result,
electricity exporting areas are forced to use thermal power to
close the electricity imbalance in a short amount of time,
increasing carbon emissions in exporting areas.

7 Discussion

7.1 Contribution to literatures

We develop a theoretical framework and empirically investigate
the impacts of EV usage on energy consumption, carbon emission
and air pollution. Our findings suggest that electric vehicles increase
overall coal consumption and carbon emissions in China,
contradicting evidence by Fuinhas et al. (2021) and Koengkan
et al. (2022) that EVs can reduce greenhouse gas emissions in
European countries. Our major findings are more consistent with
prior research that finds negative environmental effects of EVs
utilizing existing power generation methods (Wu et al., 2012; Ji
et al., 2015; Holland et al., 2016; Su et al., 2021).

However, our research differ from these in several important
respects. First, our study finds that switching to EVs increases
carbon emissions but did not find evidence that switching to EVs
would increase air pollution. Second, our study examines the
heterogeneity in thermal power dependence and discovers that
the provinces with low thermal power reliance (i.e., higher
percentage of using clean energy in electricity generation)
actually have experienced a significant increase in coal
consumption and carbon emission from the usage of EVs.
There are no significant changes in coal consumption and
carbon emissions for provinces with high thermal power
reliance, contrary to studies such as Holland et al. (2016),
which find that switching from gasoline to electric vehicles is
better in states with clean energy sources and worse in states that
rely more on coals. Finally, our research employs the net
electricity imports/exports categorization to characterize local
electricity generating capability, which has not been
comprehensively examined in earlier literature.
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7.2 Policy implications

Our findings carry several important policy implications as
China pursues its goals of peaking carbon emissions by 2030 and
achieving carbon neutrality by 2060. First, the rapid growth of EVs

driven by industrial promotion policies has not yet delivered
proportionate emissions reductions due to increased coal power
demand. This indicates that governments should adopt a policy mix
that integrates the transition to EVs with broader decarbonization
efforts across the economy, rather than a siloed approach.

FIGURE 4
Difference between electricity generation and consumption in 2021 (10̂8 kWh).

TABLE 7 Heterogeneity analysis based on net electricity import and export.

Gasoline Coal CO2 Gasoline CO2 Coal CO2 AQI PM2.5 PM10

Group A: Net electricity import

EV −6.4e−4* −5.2e−3 4.1e−3 −2.1e−3 −4.6e−3 −1.9e−5 −2.4e−5 −1.1e−6

(0.09) (0.25) (0.79) (0.11) (0.48) (0.53) (0.42) (0.98)

ICGV −2.9e−6 −3.9e−4 −2.9e−4 −3.1e−5 −1.1e−3** −1.3e−6 −1.4e−6 −3.6e−6*

(0.82) (0.13) (0.53) (0.54) (0.04) (0.37) (0.33) (0.07)

Adj.R2 0.54 0.40 0.73 0.58 0.70 0.84 0.81 0.82

Group B: Net electricity export

EV −7.7e−4* 0.05* 0.11*** 1.6e−4 0.1** 9.9e−5 2.6e−5 2.1e−4

(0.09) (0.07) (0.01) (0.93) (0.02) (0.29) (0.76) (0.11)

ICGV 4.6e−5** −1.2e−3 −1.6e−3 1.4e−4* −1.6e−3 −5.9e−6** −4.7e−6* −8.3e−6**

(0.04) (0.39) (0.21) (0.06) (0.19) (0.04) (0.06) (0.04)

Adj.R2 0.78 0.38 0.92 0.81 0.90 0.77 0.70 0.78

Control variables Yes Yes Yes Yes Yes Yes Yes Yes

Individual fixed effect Yes Yes Yes Yes Yes Yes Yes Yes

Time fixed effect Yes Yes Yes Yes Yes Yes Yes Yes

Values in parentheses are p-values. *, **, and *** represent for significance at 10%, 5%, and 1%, respectively.
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Policymakers should continue incentivizing EVs through subsidies,
fuel economy regulation, charging infrastructure, and licensing
preferences. But the fiscal and administrative support for EVs
should be complemented with stronger measures to green the
electric grid, improve efficiency across transport modes, expand
public transit accessibility, implement carbon pricing mechanisms,
and invest in natural climate solutions. A coordinated policy
portfolio aligning EV adoption with power, industry, buildings,
and land use emissions mitigation is imperative.

Second, our findings reveal the need to expand the metrics for
evaluating the success of EV policies beyond just oil displacement.
Targets and incentives for the EV industry should integrate
indicators like life-cycle emissions, share of renewables in the EV
charging mix, and emission intensity per kilometer travelled. This
will encourage automakers and grid operators to maximize
decarbonization outcomes as EVs are deployed. Transitioning the
power supply for EVs and manufacturing toward low-carbon
sources should become policy priorities.

Third, the regional spillover effects we find highlight the need for
coordinated policymaking between provincial and central
authorities. Local EV incentives should factor in grid capacity
expansion needs and power trading dynamics to avoid
unintended emissions increases in interconnected areas.
Provinces with limited renewable potential should be prioritized
for EV integration funding to avoid coal-based charging.
Coordinating EV roadmaps between China’s regional power grids
can address infrastructure and supply-demand imbalances.

Finally, the government has a vital signaling and convening role
to play in aligning policies, technical standards, and industrial
strategies between the EV and renewable energy sectors. The
policy ecosystem should provide platforms for automakers,
charging companies, battery manufacturers, generators, grid
operators, and power suppliers to collaborate on maximizing the
climate benefits of EVs throughout their life cycle.

Well-designed policies tailored to local contexts can enable
China to simultaneously pursue the growth of its strategic EV
industry and ambitious decarbonization agenda. Our study
provides crucial policy insights for achieving the dual goals of EV
leadership and sustainability leadership.

7.3 Limitations and future research
recommendations

While this study provides valuable empirical evidence on the
environmental impacts of electric vehicle adoption, it has certain
limitations that present opportunities for future research.

Our analysis focuses solely on China given the rapid growth in
EVs under state promotion policies. Expanding the empirical
evaluation to other major EV markets such as Europe, the
United States, and other developing economies such as India can
identify commonalities and jurisdictional differences in
sustainability outcomes. Comparative policy analyses enable
knowledge sharing on optimal regulatory and industrial
approaches for maximizing benefits.

We utilize provincial-level data which obscures intra-provincial
differences across urban and rural areas. Future research could
employ city-level data for a more granular analysis, especially

comparing impacts across metropolitan areas with varying
development levels, policy environments, and grid mixes.
Studying distributional and spatial equity issues is vital.

Our study estimates observational relationships using provincial
aggregate data rather than microdata with individual behavior.
Future research could survey EV owners to gather primary data
on charging patterns, electricity sourcing decisions, driving habits,
and life cycle emissions to enrich understanding. Combining macro
and micro perspectives provides analytical rigor and grounding.

We focus primarily on technological and environmental factors.
Future work should adopt a broader socio-economic perspective to
balance industrial development, energy transition, ecological
sustainability, and social welfare goals within a systems
framework. An interdisciplinary approach combining
engineering, economics, sustainability science, and political
economy could prove fruitful.

Finally, our analysis mainly employs panel regression
techniques. Applying complementary methods like structural
equation modeling, qualitative comparative analysis, and spatial
econometrics could provide methodological triangulation and
novel insights. Harnessing computational tools and big data
analytics can also enable more sophisticated investigation of EV-
environment linkages across spatial and temporal scales.

8 Conclusion

This study provides important empirical evidence on the
linkage between electric vehicle adoption and environmental
sustainability outcomes in China. While previous research has
hypothesized this relationship using qualitative models and
scenarios, our work utilizes recent panel data at the provincial
level to quantify the impacts of surging EV uptake on energy
consumption, emissions, and air pollution. This advances the
field by establishing an evidence base during a crucial phase of EV
expansion under major government promotion policies. Our
findings can inform policy and industry strategies to align EV
growth with climate goals.

Several key conclusions emerge from the analysis. First, the
rapid adoption of EVs in China has significantly reduced gasoline
consumption, lowering dependence on oil imports. However, the
increased electricity demand has been primarily met through higher
coal-based generation. As a result, the growth in EVs has shifted
carbon emissions and air pollutants from the transportation sector
to the power industry rather than yielding absolute reductions. This
highlights the need for integrated sustainability metrics and policies
that account for emissions across sectors and the full life cycle. The
narrow focus on displacing oil understates the challenges of power
sector decarbonization.

Second, our results reveal important heterogeneity based on
regional power generation profiles. In provinces more reliant on
renewable energy sources, the rise of EVs causedminimal increase in
coal use and emissions. But in areas still dominated by coal power,
the environmental impacts were significant. This indicates that
transitioning the grid supply mix in tandem with increasing EV
uptake is essential to maximize climate and air quality benefits. The
policy emphasis needs to expand beyond just EV adoption targets
and oil displacement.
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Third, we find evidence of a spatial spillover effect due to
unequal power trading patterns across provinces. Increased EV
charging loads in net electricity importing regions transferred
carbon emissions to exporting regions relying more heavily on
coal generation. Managing these distributed effects requires
coordination between national, provincial, and grid-level
authorities when designing EV incentives and infrastructure
policies. A systems perspective is imperative.

Overall, our findings indicate that the EV transition alone is
insufficient to guarantee emissions reductions and
environmental gains. Complementary efforts like proliferating
renewable energy, modernizing grids, implementing carbon
pricing, and investing in natural climate solutions are equally
crucial. The policy mix should align industrial growth and
technology incentives with sustainability objectives across
sectors. The conclusions contribute timely empirical evidence
and recommendations as China pursues its carbon peaking and
neutrality goals.

Our study also reveals important avenues for future research.
Assessing the holistic impacts of EVs across their life cycle from
mineral extraction through production, use phase, and recycling can
provide further insights into maximizing benefits. Evaluating EV
policies and industry growth in other major markets such as Europe
and the United States can identify jurisdictional best practices.
Deepening the macroeconomic and fiscal policy analysis to
balance industrial development, energy transition, and
environmental sustainability priorities can inform integrated
policy design. Expanding the empirical approach to incorporate
projections and scenarios can improve understanding of long-term
trajectories. Our findings and recommendations can help guide
policy, industry strategy, and future scholarship to effectively
align decarbonization and industrial transformation priorities.
Managing this transition in a socially inclusive and
environmentally sound manner is vital as countries pursue
sustainable development.
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