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Highlights:

e Evaluation of vehicle replacement programme with EVs, powered by 80%
and 50% coal

e The introduction of EVs alone does not help reduce China’s national GHG
emissions

e C(Carbon intensity of electricity sector should be improved, before EVs are
scaled up

Abstract

This paper analyses the impacts of the gasoline vehicle replacement programme
with EVs at different penetration rates on petroleum and electricity sectors and
their CO2 emissions. The study utilises a top-down-type Environmental Input-
Output (EI-O) model. Our results show that the replacement of gasoline cars with
EVs causes greater impacts on total gasoline production than on total electricity
generation. For example, at 5%, 20%, 50%, 70% and 100% gasoline vehicle
replacement with EVs, the total gasoline production decreases by 1.66%, 6.65%,
16.62%, 23.27% and 33.24% in policy scenario 1, while the total electricity
production only increases by 0.71%, 2.82%, 7.05%, 9.87% and 14.10%. Our study
confirms that the gasoline vehicle replacement with EVs, powered by 80% coal, has
no effect on overall emissions. The CO2 emissions reduction in the petroleum sector

is offset by the increase in CO2 emissions in the electricity sector, leaving the



national CO2 emissions unchanged. By decarbonising the electricity sector, i.e.
using 30% less coal in electricity generation mix, the total CO2 emissions will be
reduced by 28% (from 10,953 to 7,870 Mt CO2) on the national level. The gasoline
vehicle replacement programme with EVs, powered by 50% coal-based electricity,
helps reduce CO2 emissions in petroleum sector and contributes zero or a very
small proportion of additional CO2 emissions to the electricity sector (policy
scenario 2 and 3). We argue that EVs can contribute to a reduction of petroleum
dependence, air quality improvement and CO2 emission reduction only when their

introduction is accompanied by aggressive electricity sector decarbonisation.

1. Introduction

China has experienced a rapid economic and energy sector growth over the past
two decades. Its energy sector development is a balancing act to achieve targets for
affordability, energy security and emissions control [1] while at the same time
serving an enormous urbanisation movement. Due to improved living standards,
road transportation has become a pressing issue [2]. It is predicted that the total
Chinese motor vehicle stock will increase from 250 million to over 400 million by
2030 [3, 4, 5, 6]. To cater for such rapid growth, China is expected to increase its oil
consumption to 702 million tons in 2030 [7]. According to Ou et al. [4], China’s oil
demand will account for 13-14% of the world total in 2030 and 55% of that oil will

be used by the transportation sector [8].

Being the largest greenhouse gas (GHG) emitter, China’s CO2 emissions could reach
15.5 Gt by 2030 if no mitigation activities take place [9,10]. The CO2 emissions of
China’s road transportation sector alone could reach 1,890 Mt in 2030, which
accounts to 12% of the national total [11]. Without action to control the long-term
growing trends of vehicle fleet, oil consumption and GHG emissions, China’s
transportation sector can have an impact on the global oil supply and demand,

national energy security, air quality and CO2 emissions [12, 13, 2].

Shifting part of the vehicle fleet from fuel to electricity (with EVs) is one of the
current strategies to control the transportation sector’s impacts. Currently, there

are three different types of EVs on the market: conventional Hybrid Electric



Vehicles (HEVs), Plug-in Hybrid Electric Vehicle (PHEVs) and pure Battery Electric
Vehicles (BEVs) [2]. EVs can help to decrease the dependence on petroleum either
by increasing transportation efficiency or substituting with electricity generated
using other energy sources, such as coal, hydro, nuclear and other renewables. EVs
produce zero tailpipe GHG emissions or other harmful gas emissions, control urban
air pollution and reduce noise [13, 14, 15, 16]. Although EVs do not generate direct
emissions, they are responsible for indirect emissions caused by electricity
generation [17]. Therefore, their environmental performance is directly related to

that of the electricity sector they use for their charging.

China has been promoting EVs since 2009. The Chinese Government has set an
ambitious plan to promote sales of 500,000 new-energy vehicles, including hybrids
and EVs, by 2015 and 5 million by 2020 [18]. Until recently, the market share of
EVs has remained very small in China with only 45,068 BEVs sold in 2014
nationwide, which accounts to 0.2% of total passenger vehicle sales [19]. The
market uptake of EVs has faced a number of challenges, i.e. lack of charging stations,
immature technology, high purchase prices and inadequate subsidy policies [13,

20, 21] all of which the Chinese Government is keen to address.

We analyse the impacts of the gasoline vehicle replacement programme with EVs
at different penetration rates on petroleum and electricity sectors and their CO2
emissions. Our research focuses on BEVs only. We consider light-duty passenger

cars (or mini passenger vehicles) as per Huo & Wang’s description [5].

The novelty of our study lies in its methodological approach. Most of the existing
literature evaluates the environmental impacts of EVs using Life-Cycle Analysis
(LCA).LCA is a well-established and extensively used systematic tool for comparing
environmental impacts of transportation options over the entire life cycle of a
product [22, 23, 24, 25]. It takes into account major stages and processes, and
quantifies all environmental impacts over the life cycle of a product covering: raw
materials extraction, manufacturing, product use, recycling and final disposal [26].
However, the LCA approach has been criticised by scholars because it cannot

capture all GHG emissions associated with all passenger vehicle supply-chains and



is based on subjective choices [27, 28, 29]. Due to LCA’s limited features, there is
insufficient evidence concerning the potential effects of large-scale adaptation of
EVs [30] in a macro-economic context. This study uses a top-down type equilibrium
EI-O model, which covers the entire economy and provides full accounting for all
inputs in production from macro-economic analysis perspective [31]. In contrast
to LCA, the I-O model is compiled on a regular basis as part of national statistics;
hence well documented, transparent and freely available [28]. The EI-O model
estimates results throughout the economy for each sector [22] and helps draw an

informative conclusion about the impact of EVs replacement in China.

In this study, we incorporate parameters estimated by Huo et al. [32], who use LCA
to predict vehicle consumption rates and the share of coal-based electricity in China
for 2030, and employ a top-down EI-O model to estimate whether the substitution
of conventional vehicles with EVs can be an effective policy for reducing CO2

emissions in China. Our approach has multiple advantages:

1. It takes into account and assesses changes in exogenous final demand for
petroleum and electricity sectors

2. It combines LCA data and evaluates any changes in relation to petroleum and
electricity production sectors

3. It estimates environmental impacts of gasoline vehicle replacement with EVs

at the national and sectoral level

This paper is organised as follows: section 2 presents a concise literature review
on existing studies of vehicle replacement programmes; section 3 outlines the
methodological framework; section 4 describes the data sources used to evaluate
the impact of vehicle replacement and the CO2 emissions caused at sectoral level;
section 5 explains the hypothetical scenarios used in this study and section 6

presents and discusses the results; section 7 includes our concluding remarks.

2. Vehicle Replace Programmes - the international experience

One of the policies used for renewing the transport fleet is a large-scale

replacement programme. The body of international research literature falls into



two categories. The first category of research focuses on cost-benefit analysis of
vehicle replacement programmes of old conventional with new fuel-efficient
vehicles [33, 34, 35, 36, 37]. The secondary category of empirical research analyses
the economic and environmental impacts of replacing Conventional Vehicles (CVs)

with EVs [38, 39, 17, 40].

For example, Abrams & Parsons [34] conducted a cost and benefit analysis to
evaluate the Car Allowance Rebate System (CARS) programme in the USA,
commonly known as “Cash for Clunkers”. Given that there were 700,000 vehicles
in the programme, the authors estimated that the fuel consumption would decrease
by 280 gallons per year per car, which according to Kagawa et al. [37] accounts to
a reduction of 2.4 Mt of COz a year. Knittel [33] re-examined the CARS programme
and confirmed not only a positive impact on CO2 emissions, but also a reduction of
other criteria pollutants, such as NOx, VOCs, PM1o and CO. For the same programme,
Lenski [35] used the bottom-up type full LCA to capture all GHG emissions of old
and new gasoline vehicles. The authors found positive impacts on CO2 emissions
estimating a total reduction of 4.4 million metric tons of life cycle GHG emissions
or a saving of just under 0.4% of total annual US light-duty vehicle emissions.
However, all scholars agree that the programme is an expensive way to reduce

carbon dioxide as the US economy might result in a welfare loss.

Studies that focus on the replacement of conventional vehicles with EVs provide
mixed results. For example, Wang [39] analysed the impacts of EVs penetration on
California’s economy. The author pointed out that EVs increase electricity
expenditure, which cannot be offset by fuel savings. As incremental costs for
electricity outweigh fuel savings, electric vehicles might have a slightly negative
impact on California’s economy. In contrast, Becker et al. [38] used a non-
parametric conditional likelihood model to forecast the penetration of EVs in the
US. The authors pointed out that adaptation of EVs would result in substantial
improvement of US trade deficit and contribute between $94 and $266 billion of
additional investment by 2030. Furthermore, EVs could have a positive impact on
employment, creating between 130,000 and 350,000 jobs by 2030 mainly through

development of domestic battery manufacturing industry and charging



infrastructure network. If electricity is generated by renewable energy sources,
electric vehicle deployment could lead to a 20-69% decline of greenhouse gas

emissions between 2005 and 2030 [38].

Doucette & McCulloch [17] examined CO2 emissions of EVs given different power
generation mixes of several countries and compared them with CO2 emissions
reported by CVs. The authors found that EVs have the ability to reduce CO:
emissions. However, countries, like China and India, with high carbon intensive
power generation mixes will not benefit from EVs penetration. Unless their power
generations are decarbonised, EVs may increase CO2 emissions coming from

automobile transportation sector.

With regards to evaluating environmental impact of EVs in China, the majority of
studies use LCA to assess energy consumption and the CO2 emission impacts of
electric versus conventional gasoline vehicles [32, 41, 42, 43, 44, 16]. All studies
agree that EVs are able to reduce CO:z emissions and successfully displace
petroleum-based fuels in the economy. But this potential could only be realised if
China reduces the carbon intensity of electricity and implements a cleaner
electricity generation mix. According to Huo et al. [32], EVs powered by coal-based
electricity will increase CO2 emissions by 7.3% compared to gasoline vehicles. More
recently, Huo et al. [16] argued that EVs could double NOy, increase SO2 emissions
by 4-5 times, triple PM10 emissions and quadruple PMz.s emissions in the high-coal-
share regions of China. If EVs are powered by 80% renewable electricity or
advanced coal-fired power plants, CO2 emissions could be reduced by more than

85%, SOz and NOx by more than 75% and PM emissions by more than 40%.

3. Methodology
3.1 Extended environmental Input-Output Framework

In this study we employ an extended EI-O model to quantify the environmental
impacts of replacing passenger gasoline cars with EVs in China at the sector specific

level. The EI-O model focuses on the interaction between sectoral production and



consumption activities and captures energy consumption flows in physical units
within the economy [45, 46, 47]. It takes into account direct and indirect effects of
energy consumption required to produce one unit of economic output driven by
changes in final demand [47, 48, 49]. We acknowledge that the Leontief-type
production function is fixed and assumed to be linear. The basic input-output units
are presented by fixed coefficients at a point in time and do not take into account

any changes in prices throughout the economic cycle [48, 49].

Despite its simplicity and limitations mentioned above, the EI-O model is a widely
used method for assessing environmental impacts, such as air quality, ecological
footprints and tracking CO2 emissions embodied in national and international trade
[50, 51, 52, 53]. It can provide meaningful results as to how environmental
coefficients respond to future structural changes i.e. changes in electricity and
petroleum consumption as a consequence of the displacement programme. In our
study, we assume that the replacement of gasoline cars with EVs only involves
changes in exogenous final demand, while the production of all materials related to
the substitution remains the same across all sectors. We briefly outline the EI-O
model, however, details of the model are available in Miller & Blair [54]. The basic

structure of I-O table is presented in Table 1.

z represents the intermediate relationship between the production and buying
sectors. f is the total final consumption, which consists of urban and rural
households, government, total capital formation, exports and imports. X is the row

vector of total sectoral output (Z;‘zl Zij+ f1). v is the column vector of total value

added needed to produce a given amount of input in a particular sector. X’ is the

column vector of total sector inputs (Xj=1 Z+ vi).

Table 1 Inter-industry flows of a standard I-O model (Leontief model) (expressed

in Yuan)
Buying sectors (intermediate demand)
Industry 1 Industry 2 .... Industry n Final Total Output
Selling Consumption
Sectors/ | Industry1 Z11 Z12 Zin f1 X1
Producers




Industry 2 Z21 Z21 Z2n f2 Xz
Industry n Zni Zn2 Znn fn Xn
Value
Added V1 V2 Vn
(Labour,
Domestic
Payments)
Total X'1 X2 X'n
Input

Source: (amended based on Miller & Blair [52])

When dividing zij, each flow in a particular column of the producing sectors, by Xj,
the total output (the row sum) of that sector, the technical coefficient or a direct
requirement coefficient, ajj can be obtained. It represents a fixed ratio of an input
required to produce one monetary output unit in sector j [54]. There is a linear
relationship between inputs and outputs and constant returns to scale are assumed

in the Leontief model.

Buying sectors (intermediate demand)
Industry 1 Industry 2 ........... Industry n
Selling Sectors/ | Industry 1 Z11/X1=a11 Z12/X2 = a12 Zin/Xn = Qin
Producers Industry 2 Z21/X1=Q21 Z22/X2=022 Z2/X2n=0Qzn
Indu;try n Zn1/X1=0n1 Znj/X2=0n2 Znn/Xn=0nn

Adopting technical coefficients, the total output of an economy, X, can be expressed

as follows:

X1=ai11x1+ aizx2 + ainxn + f1 (1)
X2=a21x1+ a22x2 + aQnxn + f2

Xn=anix1+ an2Xx2 + dnnXn + fn

In matrix notation, X represents the vector of the total output of the economy and
is the sum of intermediate sectoral consumption. 4, is the coefficient matrix of the

n x n matrix. X and fare the corresponding vectors of the matrix.



X1 A1 Ay Agg X1 fi
X Ayr Az Agp xz\ f2
. | . . . . / +| - (2)

or
X=Ax+f (3)

The equation can also be written as:

X = (I-A)1f 4)
or
X = Lfand AX = LAf (5)

where L=(I-A)!

Iis the identity matrix and (I-A)-! is called the Leontief inverse. The inverse matrix
measures how much sectoral output is required to produce to sufficiently satisfy
the final demand, f, and the intermediate consumption of each economic sectors,
(I-A)-1. The Leontief inverse captures direct and indirect requirements of the
sectoral output. The direct requirement is the revenue received from consumers,
government and exports for final goods and services produced by sectors. The
indirect requirement includes the expenditure to produce goods and services
demanded by final demand. Any changes in exogenous final demand Af, will bring
changes in the input-output relations of economic sectors, L, and its total output,

AX.

The economic I-O model can be combined with environmental impacts (e.g. CO2
emissions) by multiplying the emission intensity vector calculated for the relevant
sector (Gj) with Leontiefinverse (I-A)-1 and any changes in exogenous final demand
(Afj). The CO2 emissions caused by an economic sector producing one unit (one

million Yuan) of a specific commodity j can be estimated as follows:

COz = Gi(I-A)1Af; (6)



3.2 Total final consumption of electricity and petroleum sectors

Total electricity consumption by EVs and total petroleum consumption by gasoline
cars is determined by vehicle-use intensity, i.e. annual vehicle kilometres travelled
(VKT) and vehicle energy-use intensity, i.e. consumption rates measured in
1t/100km [55, 56]. China’s car VKT is predicted to gradually decrease in the future
[57,58]. This is due to China’s substantial progress in developing low cost and high-
efficient subways in urban areas and the world’s largest high-speed rail network
[57, 59]. The competitive public transit systems, such as highly-efficient
inexpensive subway systems and regional intercity high-speed railways are likely
to partly substitute private vehicle use in 2030. The VKT is therefore predicted to
approach 12,000 km per year for EVs and gasoline cars in 2030 [32]. To determine
the total energy consumption of an electric or gasoline vehicle i, we use the

following equation:

Total Fuel Consumptioni = VKT x Fuel Consumption ratei (FCRi) (7)

The predicted consumption rates of electric and gasoline cars have been adopted
from Huo et al. [32] (see Table A2). We define the size of petroleum and electricity
total production sectors in physical units using the IEA [7] projections for 2030. We
estimate the total consumption of EVs and gasoline cars based on different
substitution rates e.g. 5%, 20%, 50%, 70%, 100%. Furthermore, we measure the
impacts on total electricity and petroleum production in the economy in physical
units. Consequently, we translate these values in percentages and adjust the final

demand of the EI-O model, which is valued at constant producer prices.
4. Data sources

4.1 Data for Input and Output Table 2030

In our study, we forecast the I-O table, based on income elasticity growth rates [60],
GDP growth, population growth and peoples’ changing consumption pattern [61].
We balance RAS method in balancing input-output table. The RAS method is a

widely used method to update an input-output table over a certain time period or

10



to adjust a national table in order to derive a regional table. The mathematical
details on the basic RAS technique are available in Miller & Blair [54]. The I-O
matrix was updated using the structure of the latest available [-O table 2012
available at the Chinese National Bureau of Statistics (NBS) that consists of 42
sectors reported in current prices. The table covers different categories of final
consumption, such as urban and rural households, government, total capital
formation, exports and imports. Due to the overlap in classifications, the I-O table
2012 was aggregated into 18 uniform sectors (see Table A1). The double deflation

method [62] was used to adjust the table for constant prices.

4.2 Data for energy and CO; emissions 2030

We base our study on the energy and CO2 emission data forecasted for 2030 by the
IEA [7]. As per Wu et al. [41], the future of electricity generation mix is uncertain.
In our 1st policy scenario, we base the CO2 emissions data on 80% share of coal-
generated electricity. However, the Chinese Government plans to accelerate
investment in renewable energy and to reduce the proportion of national coal
consumption to less than 62% by 2020 [63] and furthermore by 2030. To reflect
these changes, we adopt a 2" policy scenario and update the CO2 emissions data
for 2030 based on 50% share of coal-generated electricity. The CO2 emissions for
China are projected using 2012 as the base year for the energy consumption
pattern and volume. The energy data for 2012 was obtained from_the China Energy
Statistical Yearbook 2013 [64]. The data set includes 18 types of fuel, heat and
electricity consumption in physical units (data is available at China’s Emission
Accounts and Dataset, http://www.ceads.net). The CO2 emissions from industrial
processes and fuel combustion were estimated using the IPCC methodological
approach [65]. The energy data and emissions for 2030 consist of 37 production
sectors and 2 household sectors (rural and urban sectors). To be able to perform
the analysis between the I-O table 2030 and the CO2 energy emission data 2030, we
corrected for the overlap in classifications by aggregating the energy data into 18

uniform sectors.

5. Scenario Analysis
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5.1 Scenario design

Due to uncertainties in China’s policy development beyond 2020 we design three
scenarios to assess how the vehicle replacement programme will impact on
petroleum and electricity production sectors and their CO2 emissions at an
accelerated rate of EVs penetration. The first policy scenario assumes replacement
of most fuel-efficient gasoline cars with EVs, provided that the power generation
sector remains unchanged with electricity generated by 80% coal. In the second
policy scenario, we replace high emission gasoline cars with EVs, charged by 50%
zero emissions electricity from hydro, nuclear and other renewables (solar, wind).
In the third scenario, we aim to replace new-fuel efficient gasoline cars with fuel
efficient EVs. We assume in our scenarios that the number of EVs in the economy

will replace the corresponding number of gasoline cars regardless of their fleet age.

In the policy scenario 1, we assume that there are no changes or upgrades of coal-
fired power plants and that electricity continues to be generated by 80% coal in
2030. The average fuel efficiency of EVs will remain at 20KWh/100km as per Huo
et al. [32]. However, there will be a drastic improvement in the gasoline fuel
economy and we assume that China will phase in Euro 5 and 6 fuel emission
standards nationwide by 2030. The average consumption rate of gasoline cars is at
5.5L/100km. The average lifetime of gasoline LDVs is 15 years [66]. We assume

that EVs will replace new fuel-efficient gasoline cars.

In the policy scenario 2, we aim to analyse the effects of major improvements in the
electricity generation mix. We assume that zero emissions electricity generation
mix is utilised at 50%. The fuel economy of EVs will reach 12ZKWh/100km as per
Huo et al. [32] - an improvement of 40% relative to the policy scenario 1. However,
in this scenario the rollout of strict emission standards in China is delayed and
gasoline cars with Euro 3 and 4 fuel emission standards remain in production. The
average consumption rate of gasoline cars is at 8L/100km [32]. The aim in this
scenario is to replace all high-emission gasoline cars with EVs, whose fuel economy

is substantially improved.
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In the policy scenario 3, we combine both policy scenarios 1 and 2 and analyse the
vehicle replacement impact of latest fuel-efficient gasoline cars with EVs powered
by 50% coal. The fuel economy of EVs is 12ZKWh/100km. Fuel emission standards
for gasoline cars are Euro 5 and 6 and the average consumption rate of gasoline
cars is 5.5L/100km. The purpose of this scenario is to analyse the replacement of

new-fuel efficient gasoline cars with fuel efficient EVs.

It is important to note that our scenarios are subject to uncertainties in policy
changes and reflect the potential difficulties in status quo upsetting known in
centrally planned economies [67]. However, they are relevant for our study since
they provide meaningful assessments of environmental impacts of two ambitious
future plans (drastic progress in electricity sector emissions reduction and EV fuel

efficiency). The major assumptions are summarised in Table 3 as follows:

Table 2 Major assumptions for 2030 scenarios [32]

Policy Policy Policy
scenario 1 scenario 2 scenario 3
Fuel Quality Standards Euro 5,6 Euro 3,4 Euro 5,6
Gasoline Consumption rates (L/100km) 5.5 8 5.5
Vehicle kilometres travelled (VKT) 12,000 12,000 12,000
(km)
EVs fuel economy (kWh/100km) 20 12 12

6. Results and Discussion

Our results show that the replacement of gasoline cars with EVs causes greater
impacts on total gasoline production than on total electricity generation in both
policy scenarios (see Table 3). For example, at 5%, 20%, 50%, 70% and 100%
gasoline vehicle replacement with EVs, the total gasoline production decreases by
1.66%, 6.65%, 16.62%, 23.27% and 33.24% in policy scenario 1, while the total
electricity production only increases by 0.71%, 2.82%, 7.05%, 9.87% and 14.10%.
IEA [7] suggests that an average of 23% (3,4 mb/d) of petroleum will be produced

internally in China in 2030, whereas the remaining amount of petroleum, 77%, (12

13



mb/d), will be imported. Our results show that at 100% vehicle replacement with
EVs, China can either cease its internal petroleum production or partially reduce

its reliance on petroleum imports.

Policy scenario 1 reveals that the replacement of latest fuel-efficient gasoline cars
with EVs, powered by 80% coal, does not bring any changes. The CO2 emissions
reduction in the petroleum sector is offset by the increase in CO2 emissions in the
electricity sector, leaving the national CO2 emissions unchanged (Table 3). By
decarbonising the electricity sector, i.e. using 30% less coal in electricity generation
mix, the total CO2 emissions are reduced by 28% (from 10,953 to 7,870 Mt COz) at
the national level. The carbon intensity and the CO2 emissions of electricity sector

are reduced by 38% (see Table 4).

In case of 100% gasoline cars substitution with EVs in the policy scenario 2, 3.24%
of COz emissions are saved in petroleum sector at the national level. At 5%
replacement level, we find that EVs do not emit any additional COz2 in the electricity
sector. However, CO2 emissions marginally increase in the electricity sector at a

higher rate of substitution (Table 3).

The policy scenario 3 shows a combination of similar results between policy
scenario 1 and 2. At 100% gasoline cars replacement with EVs, powered by 50%
coal, an additional 2.47% of CO2 emissions could be saved in petroleum sector at
the national level. This is less than in the policy scenario 2. As per Huo et al. [32,
68], vehicle technology improvements and stronger emissions standards (e.g. Euro
5 and 6) would have already helped to reduce the CO2 emissions of the latest fuel-
efficient gasoline cars. At 5% and 10% EVs penetration, no additional CO2
emissions are caused in electricity sector. It is evident that at a higher rate of
substitution CO2 emissions tend to slightly increase (Table 3). The policy scenario
3 shows that technological improvements and stronger emission standards are
important factors to consider and will help reduce additional emissions in the

petroleum and the electricity sector caused by gasoline cars and EVs.
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The replacement of gasoline cars with EVs is directly linked to petroleum
dependency reduction, improvement of urban air quality and reduction of the GHG
emissions in China. Our study confirms that the vehicle replacement programme
with EVs can achieve the former goals, but in itself it cannot deliver the latter. For
example, 100% gasoline cars replacement with EVs in the policy scenario 2
contributes to a reduction of 48% in petroleum production. However, the

introduction of EVs alone does not help reduce national GHG emissions.

The reduction of CO2 emissions is mainly driven by structural changes in economic
sectors e.g. reduction of carbon intensity in the electricity sector. Ou et al. [69, 70]
and Schill & Gerbaulet [71] confirmed that including renewable and nuclear energy
technologies in the electricity generation can significantly reduce GHG emissions of
electricity sector. An improved integration of policies for transport and electricity
could be beneficial in assessing the added social and environmental benefits of
renewable energy expansion [72]. As a result, increasing the share of renewables
in the electricity sector should remain the primary goal for China before any EVs
can be phased in on a large scale. It is evident that as long as electricity generation

remains based on coal, there will be no benefits in replacing gasoline cars with EVs.

It is important to note that our study has certain methodological limitations that
should be taken into account when interpreting the results. The impact on
petroleum and electricity sectors has been quantified by taking into account only
exogenous final demand changes. A larger market penetration of EVs will
significantly impact the manufacturing sector and cause subsequent changes in
interdependent relationships across different economic sectors. Further research
is needed to determine future production costs of EVs and how these inputs
indirectly affect the sectoral economic activities (outputs) at the national level. By
combining direct and indirect effects, one would have a better overview of macro-

economic impacts and COz emissions caused by EVs.

Furthermore, this study has been conducted at the national level, whereas Chinese
policies aim to stimulate EVs penetration at regional and city levels [73; 18; 74]. It

would be therefore our next step to narrow down our research and investigate
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potential impacts of EVs penetration at provincial and city levels. It is also
meaningful to analyse EVs penetration based on regional carbon burden of
electricity [41, 43, 44] as the introduction of EVs would be less useful in Chinese
regions with high proportion of coal-fired electricity. Currently, all Chinese
provinces have 70% - 85% of coal based electricity generation. In the future, the
situation may change and it is within our plan to predict future economic and
energy mix changes at regional and city levels. However, currently this is out of

scope of this study.

7. Conclusion

The purpose of this paper is to examine direct impacts on total gasoline production
and electricity generation and their CO2 emissions as a result of gasoline vehicle
replacement with EVs in China. We find that the introduction of EVs in China is only
sensible if the power sector is decarbonised by using renewable energy sources. As
long as power is generated by coal, the vehicle replacement programme has no
effect (policy scenario 1). As soon as the electricity sector is decarbonised, EVs
contribute zero or a very small amount of additional COz emissions to the electricity

sector (policy scenario 2 and 3).

Our study shows that EVs are able to reduce dependency on petroleum and to
improve air quality, however, they are not the main driver for reducing the national
COz emissions in China. Policies on structural changes in primary economic sectors,
i.e. improvement of carbon intensity in the electricity sector, are needed to achieve
a substantial reduction of national CO2 emissions before any new products, such as
EVs, can be rolled out in the transportation sector in the future. Currently,
renewable and low-carbon energy sources are still under-used and the electricity
sector is largely powered by coal in China [75, 76]. It is therefore an ineffective and

counterproductive activity for Chinese Government to promote EVs.

Within the framework of this study i.e. vehicle replacement and its causality in
emissions reduction, one more key attribute of mass EV adoption should not be
disregarded. That is the role of EVs in providing auxiliary services to the electricity

grid, such as stability and demand response that could be facilitated by the EVs
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capacity for energy storage. These features of energy storage (inherent in EVs) and
their value have been studied extensively both from the viewpoint of static large-
scale systems [77, 78] and mobile disaggregated systems [79] and have shown to
have potential benefits to emissions reduction [80]. By adopting regulations and
speeding up transitions to zero emissions electricity energy sources, such as hydro,
nuclear, solar, wind and biogas, China will not only be able to curb its national CO2
emissions, but also shape the future development of its transportation sector. The
introduction of EVs as an alternative solution to conventional cars becomes
extremely important considering the current crisis in the motor industry
(Volkswagen Emissions Scandal). EVs are the safe option for not only reducing CO2
emissions, but also minimising other harmful pollutants, such as SOz, NOx, VOC and

PM:2;s emitted by conventional vehicles in the transportation sector [81, 40].
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Table 3: Results of vehicle replacement programme with EVs at different substitution rates in policy scenarios 1, 2 and 3

Policy scenario 1 (80% coal-based electricity generation)
Total national COz emissions (Mt): 10,953
Gasoline Gasoline Reduction in CO:2 Electricity Increase in Addlt}oqal Addlt}on.al €0
Number of . .. . . - COz emissions emissions
cars consumption by petroleum Petroleum emissions in consumption by electricity L .
. EVs spending in spending in
substitution s passenger cars sector total sector COz (Mt) petroleum EVs sector total . C . C
. (million) . . . — . electricity electricity
with EVs (million/liters) production sector (million/KWh) production
sector (Mt) sector
5% 19 12,771 1.66% 327 0.10% 46,440 0.71% 4,815 0.09%
20% 77 51,084 6.65% 326 0.42% 185,760 2.82% 4,829 0.37%
50% 194 127,710 16.62% 324 -1.05% 464,400 7.05% 4,855 0.93%
70% 271 178,794 23.27% 323 -1.47% 650,160 9.87% 4,873 1.30%
100% 387 255,420 33.24% 321 -2.10% 928,800 14.10% 4,900 1.86%
(Source: estimated by the authors)
Policy scenario 2 (50% coal-based electricity generation)
Total national CO2 emissions (Mt): 7,870
Gasoline Gasoline Reduction in CO2 Electricity Increase in Addlt.lon.al Addlt.lorfal €0:
Number of . . . . . CO2 emissions emissions
cars consumption by petroleum Petroleum emissions in consumption by electricity L A
- EVs spending in spending in
substitutio s passenger cars sector total sector CO2 (Mt) petroleum EVs sector total . - L
. (million) 11s - . o . electricity electricity
n with EVs (million/liters) production sector (million/KWh) production
sector (Mt) sector
5% 19 18,576 2.42% 325 -0.13% 27,864 0.42% 1,864 0.10%
20% 77 74,304 9.67% 323 -0.66% 111,456 1.69% 1,867 0.25%
50% 194 185,760 24.18% 320 -1.63% 278,640 4.23% 1,872 0.54%
70% 271 260,064 33,85% 318 -2.28% 390,096 5.92% 1,876 0.73%
100% 387 371,520 48.35% 314 -3.24% 557,280 8.46% 1,881 1.03%

(Source: estimated by the authors)
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Policy scenario 3 (50% coal-based electricity generation)
Total national CO; emissions (Mt): 7,870
Gasoline Gasoline Reduction in CO:2 Electricity Increase in Addlt}oqal Addlt}on.al €0
Number of . o . . . CO2 emissions emissions
cars consumption by petroleum Petroleum emissions in consumption by electricity L .
A EVs spending in spending in
substitutio s passenger cars sector total sector COz (Mt) petroleum EVs sector total . - . C
. (million) 1 . . - . electricity electricity
n with EVs (million/liters) production sector (million/KWh) production
sector (Mt) sector
5% 19 12,771 1.66% 324 -0.41% 27,864 0.42% 1,865 -0.19%
20% 77 51,084 6.65% 323 -0.73% 111,456 1.69% 1,861 -0.04%
50% 194 127,710 16.62% 321 -1.38% 278,640 4.23% 1,867 0.28%
70% 271 178,794 23.27% 319 -1.82% 390,096 5.92% 1,871 0.49%
100% 387 255,420 33.24% 317 -247% 557,280 8.46% 1,877 0.80%

(Source: estimated by the authors)
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Table 4: COz emissions by sector and the intensity emission coefficients

Total COz emissions (Mt) Carbon Total COz emissions (Mt) Carbon
Sectors (80% coal-based intensity (50% coal-based intensity
electricity) coefficient electricity) coefficient
Agriculture 139 0.051 139 0.051
Metal and other mining and
processing 759 0.076 740 0.074
Electricity Industry 4811 3.016 1862 1.168
Coal mining and processing,
coking 178 0.109 171 0.104
Petroleum and gas mining and
processing 328 0.213 325 0.211
Chemistry 421 0.038 409 0.037
Machinery, electric and electronic
products 1466 0.058 1414 0.056
Construction materials and non-
metallic products 795 0.262 765 0.252
Wood processing and furniture
manufacturing 16 0.008 15 0.007
Food processing 103 0.017 99 0.016
Textiles 78 0.019 77 0.018
Wearing apparel, leather, furs,
down and related products 58 0.019 56 0.019
Paper production and cultural
goods 73 0.020 70 0.019
Other manufacturing 35 0.027 34 0.026
Construction 40 0.009 40 0.009
Transport, post and
Telecommunication 1473 0.219 1473 0.219
Wholesales, Restaurants and
hotels 73 0.010 73 0.010
Passengers transport, finance,
insurance, health, education and
other social services 108 0.008 108 0.008
Total CO2 emissions (Mt) 10,954 7,870

(Source: estimated by the author)
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Appendix A

See Tables A1, A2 and A3

Table A1: Sector classification of Chinese economy

Sectoral
Input-Output sector names 2030 Code Input-Output sector names 2012
Agriculture 1 Agriculture
Metal and other mining and processing 2 Ferrous metals mining and dressing

Electricity Industry

Coal mining and processing, coking
Petroleum and gas mining and processing

Chemistry

Machinery, electric and electronic products

Construction materials and non-metallic products
Wood processing and furniture manufacturing
Food processing

Textiles

Wearing apparel, leather, furs, down and related
products

Paper production and cultural goods

Other manufacturing

Construction

Transport, post and Telecommunication

Wholesales, Restaurants and hotels

Passengers transport, finance, insurance, health,
education and other social services

[o¢]

10
11

12
13
14

15
16

17

18

Nonferrous Metals Mining and Dressing

Fabricated Metal Products

Metal smelting and rolling processing industry

Electric Power, Steam, and Hot Water Production & Supply
Gas Production & Supply

Tap Water Production & Supply

Coal mining and dressing

0Oil and gas industry

Petroleum Processing and Coking

Chemical Industry

Machinery, Electric Equipment, Electronic Manufacturing
Communications equipment, computers and other electronic
equipment

General, special equipment manufacturing industry
Instrumentation and office machinery manufacturing
Non-metal Mineral Mining and Dressing

Wood processing and furniture manufacturing

Food, Beverage, and Tobacco Processing

Textile Industry

Leather, Furs, Down, and Related Products
Papermaking and Paper Products

Other Manufacturing Industry

Scrap waste

Building industry

Transportation Equipment Manufacturing
Postal Services

Wholesale and Retail Trade

Accommodation and Catering Services

Transportation and warehousing

Information transmission, computer services and software inc
Finance and insurance

Real Estate

Leasing and Business Services

Tourism industry

Scientific career services
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Integrated Technical Services

Other social services

Education

Health social security and social welfare
Culture, Sports and Entertainment

Public Management and Social Organisation

Table A2: Fuel mix parameters & consumption rates [32]

2030

Share of coal based power generation

Fuel economy of EVs, kWh/100km

Fuel economy of ICEVs, liters/100km

Vehicle kilometres travelled (VKT) (km)

80%, 50%

20,12

8,5.5

12,000

Table A3: Projected vehicle stock levels (in millions) [5]

2030
Private LDVs Low Growth 335.2
High Growth 390.3
Commercial LDVs 22.9
Trucks 25.2
Buses 3.6
Total 387-442
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