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Electric drive vehicles are equipped with totally different propulsion systems compared with conven-
tional vehicles, for which the energy consumption and cradle-to-gate greenhouse gas emissions associ-
ated with vehicle production could substantially change. In this study, the life cycle energy
consumption and greenhouse gas emissions of vehicle production are compared between battery electric
and internal combustion engine vehicles in China’s context. The results reveal that the energy consump-
tion and greenhouse gas emissions of a battery electric vehicle production range from 92.4 to 94.3 GJ and
15.0 to 15.2 t COzeq, which are about 50% higher than those of an internal combustion engine vehicle,
63.5 GJ and 10.0 t COyeq. This substantial change can be mainly attributed to the production of traction
batteries, the essential components for battery electric vehicles. Moreover, the larger weight and different
weight distribution of materials used in battery electric vehicles also contribute to the larger environ-
mental impact. This situation can be improved through the development of new traction battery produc-
tion techniques, vehicle recycling and a low-carbon energy structure.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Abbreviations: ANL, Argonne National Laboratory; ASCM, Automotive System

Cost Model; BEV, battery electric vehicle; BF-BOF, Blast Furnace-Basic Oxygen Electric Drive Vehicles (EDVS) are considered to be

Furnace; BFG, Blast Furnace Gas; CAAM, China Association of Automobile Manu-
facturers; COG, Coke Oven Gas; CTG, cradle-to-gate; EAF, Electric Arc Furnace; EDV,
electric drive vehicle; ELV, End-of-Life Vehicle; GDP, Gross Domestic Product; GHG,
greenhouse gas; GREET, Greenhouse Gases, Regulated Emissions, and Energy Use in
Transportation Model; HEV, Hybrid Electric Vehicle; HVAC, heating, ventilating and
air conditioning; ICEV, internal combustion engine vehicle; IEA, International
Energy Agency; INDCs, Intended Nationally Determined Contributions; IPCC,
Intergovernmental Panel on Climate Change; LCA, life cycle assessment; LFP,
LiFePO4; NMC, Li(NiCoMn)O,; NBSC, National Bureau of Statistics of China; NDRC,
National Development and Reform Commission; OICA, Organisation Internationale
des Constructeurs d’Automobiles; WTW, Well-to-Wheel.

* The short version of the paper was presented at ICAE2016 on Oct 8-11, Beijing,
China. This paper is a substantial extension of the short version of the conference
paper.
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environmentally-friendly and have attracted much attention
worldwide, and Battery Electric Vehicles (BEVs) are the most pop-
ular vehicles among all kinds of EDVs. In China, the country with
the world’s largest automotive market, the government is deter-
mined to develop BEV industry and produced over 250 thousand
BEVs in 2015, and the annual growth rate was 420% [1]. In addi-
tion, according to the production plan, the cumulative output of
BEVs in China will reach 5 million in 2020, meaning that BEVs will
gradually replace Internal Combustion Engine Vehicles (ICEVs) [2].
Under such circumstances, the proportion of different kinds of
vehicles produced worldwide will face significant changes in the
coming years [3], which will influence the evaluation methods
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and results of the energy consumption and environmental impact
associated with future vehicles, especially in China.

In recent years, many scholars have carried out research on this
subject and provided several important results. However, many of
them paid more attention to the use phase, which is also called the
Well-to-Wheel (WTW) stage. Lewis (2014) evaluated the life cycle
environmental benefits of vehicle electrification and weight reduc-
tion, which was mainly based on the fuel combustion during the
use phase [4]. Yuan (2015) estimated the energy consumption
and WTW CO, emissions of BEV range in China. It was indicated
that short driving range and low speeds could help reduce the
environmental impact [5]. Zeng (2016) paid attention to the
WTW GHG emissions of conventional motor vehicles in China,
pointing out that low-carbon policies in road transportation was
necessary [6]. Oris (2016) provided the estimation results about
the environmental impact of vehicles in five different countries,
revealing that BEVs were the potential alternatives which can help
reduce fuel consumption and emissions in the transport sector [7].
Bicer (2016) conducted research on the emissions from vehicles
using different fuels, such as hydrogen, methanol and electricity.
Hydrogen driven vehicles were proved to be more
environmentally-friendly [8]. Onn (2017) compared the WTW
emissions of several kinds of vehicles on the Malaysian electricity
mix. The results indicated that Hybrid Electric Vehicles (HEVs)
were promised to be cleaner for developing countries [9].

Although the use phase is dominant when considering the life
cycle environmental impact, the production phase is an important
supplement and has caused wide concern due to the great environ-
mental impact of traction battery production. Hawkins (2013)
established a complete Life Cycle Assessment (LCA) model for vehi-
cles, including production, use, disposal and recycling. The author
pointed out that although the energy consumption and emissions
from the use phase generally accounted for the majority, the influ-
ence of the production phase is significant [10]. Sharma (2013)
qualified the performance of BEVs on Greenhouse Gas (GHG) emis-
sions under the Australian driving conditions [11]. The vehicle pro-
duction phase was studied by decomposing the vehicles into
several major parts. Wang (2013) estimated the life cycle emis-
sions of different vehicles in China and pointed out that the perfor-
mance of BEVs was not ideal with China’s generation mix and
manufacturing techniques [12]. Nanaki (2013) paid attention to
both vehicle production and use phases of vehicles in Greece. It
proved that the source of electricity could greatly affect the bene-
fits of BEVs [13]. Tagliaferria (2016) calculated the total environ-
mental burdens of BEVs under the technology system of Europe,
finding that BEV production was the major impediment to perfor-
mance [14].

Existing studies have provided an important conclusion that
BEV production was not exactly perceived in many countries,
and the situation must be improved to avoid a negative influence.
In fact, with the rapid growth of the automotive industry, global
vehicle production reached 90.8 million in 2015 [15] and con-
tributed about 5.6 billion tons of CO, emissions to the total level
of the manufacturing sector, which accounted for over one third
of the energy-related CO, emissions [16]. When it comes to China’s
case, the government announced in the Intended Nationally Deter-
mined Contributions (INDCs) in 2015 that the national CO, emis-
sions would reach a peak before 2030 and the CO, emissions per
unit of Gross Domestic Product (GDP) were expected to decrease
by 60-65% compared to the number in 2005 [17]. The development
of BEVs has been prioritized to help achieve the target and BEV
production has already become one of the major concerns.

On the other hand, the environmental impact of vehicle produc-
tion vary greatly owing to discrepancies in manufacturing tech-
niques. Although several referential results have provided by
former research, they are far from perfect due to the huge regional

differences. Since nobody has anticipated the rapid growth of elec-
tric drive vehicles in China, the country with relatively weak man-
ufacturing base and coal based energy structure, most of the
former studies were based on the manufacturing process in devel-
oped countries and paid little attention to China’s case. Only a few
studies have mentioned the situation in China with little detailed
analysis concentrated on the production phase.

To delve into this subject, this study places emphasis on energy
consumption and GHG emissions from vehicle production, espe-
cially for BEV production in China, a promising country with the
world’s largest vehicle output. In order to describe the situation
comprehensively, this study employs a Cradle-to-Gate (CTG)
framework, in which all the processes, including material produc-
tion, energy transformation, components production and assem-
bly, are considered. Furthermore, a China-specific database
consisting of the relevant data from representative enterprises
and a wide range of literature studies is established. This study
aims to provide important results on energy consumption and
GHG emissions associated with each component, material and
energy source throughout the entire vehicle production process
in China, which is an important reference for the government to
make decisions. Furthermore, the results can help find out major
reduction opportunities in the future.

2. Methods
2.1. Assumptions and system boundary

A complete CTG system has been employed in this study,
including material production and transformation, component
manufacturing, battery and other attachment production, assem-
bling and replacements. According to the enterprise investigation
and literature review, most of the materials and energy consumed
during vehicle production are produced in China. Only a few ores,
such as lithium ores, are imported from other countries because
China does not have enough resources, and this situation causes
minor environmental impact. Therefore, this study assumes that
all the vehicle production processes occur in China. Table 1 pre-
sents the components in ICEVs and BEVs. Fig. 1 presents the stages
considered and the calculation logic of the energy consumption
and GHG emissions of the entire process. The distribution, use
and disposal of vehicles are not included in the system as this
study aims to explore the environmental impact of vehicle produc-

Table 1
Components in ICEVs and BEVs.

ICEV BEV

Common components

Body: including body-in-white, interior, exterior, and glass

Chassis (without battery)

Respective components

Powertrain system

Engine unit

Engine fuel storage system

Powertrain thermal system

Exhaust systemEmission control
electronics

Powertrain electrical system

Powertrain thermal system
Powertrain electrical system

Transmission system
Automatic transmission Continuously variable
transmission

Torque converter Single-ratio gearbox

Traction motor

/ Traction motor
Electronic controller
/ Electronic controller
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Fig. 1. Vehicle production model and boundary defined.

tion. The negligible energy consumption and GHG emissions
caused by few materials used in auxiliary, such as kaolin, are not
calculated.

For more details, material production and transformation refer
to the entire process from ore mining and extraction to shaping.
The components and attachments are divided into three parts:
common components represent the general components of ICEVs
and BEVs, such as the body and chassis; respective components
represent the different systems between ICEVs and BEVs, such as
the automatic transmission for an ICEV and the continuously vari-
able transmission for a BEV; batteries and attachments represent
the extra supplements of ICEVs and BEVs. Assembly not only
includes the gathering of essential components, but also takes
pre-techniques such as stamping, welding and painting into con-
sideration. Distribution is the transport process for both ICEVs
and BEVs. Replacement refers to the production, transport and
assembly of the components should be replaced during the vehi-
cle’s life time, such as tires and batteries. In addition, transporta-
tion of materials and components should be considered.
According to the investigated enterprises, the factories are always
built close to the suppliers to reduce transportation costs. There-
fore, the standard 9.3 t-load trucks are most commonly used to
cover the distance of about 100 km. Otherwise, other transporta-
tions are more efficient in some special cases. For instance, China
is not able to mine and process a mass of lithium ores, and most
of lithium products are imported from Chile. Under such circum-
stances, ships are more likely to be used for transportation. How-
ever, such circumstances are quite rare when considering the
entire vehicle production process. In order to evaluate the major
effect of transportation, this study assumes that manufacturers
use the standard 9.3 t-load trucks, and the distance to cover is
about 100 km. Error exists due to the various transportations
adopted by different manufacturers to cover different distances,

but it is not significant according to our investigations and other
reliable model assumptions [18].

When it comes to the energy consumption and GHG emissions,
all the energy related processes are taken into consideration, as
well as both direct emissions and indirect emissions under the def-
inition of Scope 3 [19]. In short, GHG emissions are estimated
based on the manufacturing techniques, which determine the
materials, energy input and non-combustion GHG emissions. Addi-
tionally, the emissions associated with materials and energy are
estimated throughout their entire life cycles, including extraction,
processing and consumption.

2.2. Vehicle specifications

As mentioned above, over 250,000 BEVs have been produced in
China during 2015, but this is small-scale in comparison to China’s
over 24 million vehicles production [1]. Meanwhile, the annual
growth rate of BEVs was nearly 100 times larger than the growth
rate of ICEVs [20]. Therefore, in order to provide the most represen-
tative result now and in the future, standard mid-size ICEVs and
BEVs with conventional materials are chosen as the reference vehi-
cles in this study, as presented in Table 2. The reference vehicles
have similar common components and different propulsion tech-
nologies, which are similar in dynamic and endurance
performances.

As the weight distributions of the same vehicles are similar
worldwide and China’s context is unclear, this study employs the
general parameters from the Automotive System Cost Model
(ASCM) established by Oak Ridge National Laboratory [21]. Some
additional parameters, such as the weight distribution of attach-
ments and fluids, are imported from the Greenhouse Gases, Regu-
lated Emissions, and Energy Use in Transportation Model (GREET)
established by Argonne National Laboratory (ANL) [22]. In detail,
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Material composition for the reference vehicles.
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ICEV without batteries, tires and fluids (kg)

BEV without batteries, tires and fluids (kg)

Total 1292 Total 1692
(a) Major parts

Steel 805 Steel 1123
Cast iron 141 Cast iron 34
Wrought aluminum 28 Wrought aluminum 18
Cast aluminum 60 Cast aluminum 93
Copper 24 Copper 79
Magnesium 0 Magnesium 0
Glass 37 Glass 59
Average plastic 144 Average plastic 205
Rubber 29 Rubber 30
Others 24 Others 51
Sources [21,22]

NMC battery (kg)

LFP battery (kg)

Others (kg)

Total 171 Total 228 Lead-acid battery 15(2)
(b) Batteries and others
Active material 48 Active material 56 Polypropylene 1
Graphite/carbon 0 Graphite/carbon 0 Lead 11
Binder 0 Binder 0 Sulfuric acid 1
Copper 0 Copper 0 Fiberglass 0
Wrought aluminum 31 Wrought aluminum 35 Water 2
Electrolyte: LiPFg 0 Electrolyte: LiPFg 0 Others 0
Ethylene Carbonate 4 Ethylene Carbonate 5 Tires 36(3)
Dimethyl Carbonate 19 Dimethyl Carbonate 28 Steel 12
Polypropylene 34 Polypropylene 47 Rubber 24
Polyethylene 0 Polyethylene 0 Fluids 26
Polyethylene terephthalate 3 Polyethylene terephthalate 6 Brake fluid 1(3)
Steel 9 Steel 18 Transmission fluid 1(1)
Thermal insulation 9 Thermal insulation 18 Windshield fluid 3(19)
Coolant: Glycol 3 Coolant: Glycol 4 Adhesives 14
Electronic Parts 1 Electronic Parts 1 Powertrain coolant 7(3)
Sources [24] [22]

Notes:

(a) Numbers in the parentheses denote the replacing times during the vehicle’s life time (omit zero).

(b) Tires for both kinds of vehicles are defined as standard radial tires.

(c) External loss, such as the depreciation of facilities for assembly, are not considered.

the total weight has been adjusted based on the average case in
MY2010 of the Autonomie model, and most of the parameters
are estimated through enterprise investigations, literature reviews
and dismantling reports. The weight distribution of most compo-
nents is included, as well as various reliable advanced technolo-
gies. For instance, the specifications of battery in BEVs are
considered based on the development of traction battery industry
in China. According to the industry research, LiFePO4 (LFP) batter-
ies shared about 52% of the entire market in China in 2015. While
the number for Li(NiCoMn)O, (NMC) batteries is 39%, and other
kinds of batteries haven’'t formed scale [23]. Therefore, LFP and
NMC batteries are both chosen as the objects and have formed a
bifurcation in this study. When it comes to battery specification,
due to the lack of clear technical standards in China, this study uti-
lizes the parameters provided by the Battery Performance and Cost
(BatPaC) model [24], which are normalized through existing liter-
atures and reports.

2.3. Mathematical formulation

The energy consumption and GHG emissions of all the vehicles
and different components can be calculated through Egs. (1)-(6).

EC =" ECy; (1)
i

GE = 2 GEnci + E E GEsjj 2)
i i

where EC denotes the total life cycle energy consumption per ICEV/
BEV (M]); ECsi; denotes the consumption of energy j during the
stage i per ICEV/BEV (M]); GE denotes the total life cycle GHG emis-
sions per ICEV/BEV (kg CO,eq); GEnc denotes the non-combustion
GHG emissions during stage i per ICEV/BEV (kg COeq); GEs;
denotes the GHG emissions of energy j consumed during the stage
i per ICEV/BEV (kg CO,eq);

ECS,'_]' = kaEC,‘J‘.k (3)
k

GEnci = Y Mi(GEmik + > _M,GEyip) (4)
k P

GEsij = > miGEiji (5)
k

where m; denotes the weight of material k per ICEV/BEV (t); M,
denotes the weight of material p input per ICEV/BEV (t); ECjx
denotes the consumption of energy j associated with every t of
material k during the stage i (M]/t); GEn, denotes the non-
combustion GHG emissions associated with every t of material k
during the stage i (kg CO,eq/t); GEy;, denotes the GHG emissions
associated with the input of material p (e.g. kaolin) for every t of
material k during the stage i (kg CO,eq/t); GE;;x denotes the GHG
emissions of energy j consumed for every t of material k during
the stage i (kg CO»eq/t);

GEijx = EFECijy (6)
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where EF; denotes the life cycle GHG emission factor of energy j (kg
COzeq/MJ);

2.4. Data

2.4.1. Material production and transformation for components
production

Table 3 presents energy consumption from the production and
transformation of materials used in vehicles without batteries,
tires and fluids. As mentioned in Table 1, although an ICEV or
BEV (without batteries, tires and fluids) is made up of various dif-
ferent materials, and several certain materials such as steel, iron,
aluminum, copper and plastic account for over 90% by weight.
Therefore, this study focuses on these materials and analyzes their
cradle-to-gate energy consumption and GHG emissions in details.
For the other materials, due to the lack of reliable data in China,
the reference results from GREET [18], Keoleian et al. [25], Burn-
ham et al. [26] and Brown [27] are imported.

The steel production and transformation defined in this study
comprises iron ore extraction, ore processing, coke production, sin-
tering, iron-making, steel-making and steel transformation. The
Blast Furnace-Basic Oxygen Furnace (BF-BOF) technique and the
Electric Arc Furnace (EAF) technique are chosen as the iron-
making and steel-making methods according to the proportion
[28]. Subsequent steps such as casting, rolling and cutting are also
included followed by transformation techniques including stamp-
ing and machining to prepare the steel for component production.
Most of the data is derived from one of the biggest steel factories in
China [29], while the coke production is considered based on the
reports of Chinese coke producers [21]. The data for steel transfor-
mation is imported from GREET [18].

The iron used in vehicles is mostly for the engine, indicating
that the transformation process consists of iron casting, forging
and machining. The pre-treatment process of casting iron is similar
with steel, including ore extraction and processing. The additional
data is gathered from GREET.

The aluminum is divided into two parts: cast aluminum and
wrought aluminum, which is distinguished by the processing
methods. Before transformation, the process includes bauxite min-
ing, anode and alumina production, smelting and lastly producing
the ingots. The data related to aluminum production is based on
the estimation of primary aluminum production in China [30],
while the other data is gathered from GREET.

The copper is used mainly for wire drawing in vehicles, which
only requires simple processing methods. In other words, most of
the energy consumption and GHG emissions of copper production
are created during primary production processes such as smelting
and refining. In addition, compared with steel, aluminum and iron,
copper content is minor in the vehicles. Therefore, this study only
considers the specific energy consumption of copper. The energy

Table 3

consumption is estimated based on the manufacturing techniques
in China [31].

Average plastic includes all kinds of plastic used in vehicles,
such as polypropylene, polyethylene, acrylonitrile-butadienestyr
ene, and polyvinyl chloride Since the Chinese chemical plants have
not reported reliable data, this study employs the data from GREET
instead.

Table 4 is the supplement to Table 2, which is focused on the
materials used in batteries and other attachments. Fluids are not
included because they are considered as materials input and dis-
cussed in Section 2.4.3.

The active material is the most important part for Li-ion batter-
ies. This causes a huge amount of energy consumption and GHG
emissions. Since the Li-ion battery industry is still in a preliminary
stage and is growing fast in China, detailed data is not obtainable
and the total value is used instead, which is from one of China’s
major battery plants [32]. The total energy consumption and
GHG emissions of the active material are 125,306 MJ/t, 1866 kg-
COyeq/t for the NMC battery, and 113,017 MJ/t, 1641 kg-CO,eq/t
for the LFP battery.

Other materials refer to a series of supplementary materials to
support the battery operation, including graphite/carbon, binder,
copper, aluminum, electrolyte, plastic, steel, coolant, thermal insu-
lation and electronic parts. Some of them, such as steel, aluminum,
copper and plastic, have been analyzed above. Others are esti-
mated based on the common production techniques [33].

Rubber is the key material of tires, and tire industry is well
developed in China. In this study, the whole process from exploita-
tion to tire shaping is taken into consideration. And the data is
employed from a general radial tire plant in China [34].

2.4.2. Components and vehicle assembly

The assembling process has been divided into six parts: paint
production [35] and painting [36], Heating, Ventilation and Air
Conditioning (HVAC) and lighting, material handling, heating, air
compressing and welding [37]. The battery assembly is considered
based on China’s situation [38]. Table 5 presents the detailed
energy consumption of them.

2.4.3. GHG emission factors

GHG emissions are identified as the combination of CO,, CHy
and N,O emissions in this study, while they are converted into
CO, equivalent (COzeq), and the global warming potentials are 1,
25 and 298. This study estimates the GHG emissions through
energy and material consumption. Therefore, the life cycle emis-
sion factors of different kinds of energy are important to insure
reliable results, as presented by Table 6.

The life cycle GHG emissions associated with energy are from
production and combustion stages. In detail, the GHG emissions
from the production of coal, natural gas, residual oil, gasoline, die-

Energy consumption of the production and transformation of materials used in vehicles (without batteries, tires and fluids).

Energy consumption (M]/t) Steel Iron Aluminum Copper Average plastic
Wrought Cast
Total 45,571 9299 68,161 73,771 26,225 25,534
Coal 21,300 0 47,802 50,426 4387 433
Electricity 2001 692 14,660 15,368 5460 1492
Natural gas 8277 5742 5699 7977 0 19,784
Coke 12,117 2639 0 0 0 0
Residual oil 253 194 0 0 6812 3566
Gasoline 3 2 0 0 0 62
Diesel 39 30 0 0 9566 1,97
BFG 1087 0 0 0 0 0
CoG 494 0 0 0 0 0
Sources [18,29,43] [18] [18,30] [31] [18]
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Table 4

Energy consumption of the production and transformation of materials used in batteries and other attachments.
Energy consumption (M]/t) Active material Other materials Rubber

NMC LFP NMC LFP

Total 125,306 113,017 59,514 52,464 40,051
Coal / / 11,992 12,067 0
Electricity / / 40,630 32,871 751
Natural gas / / 4408 4753 21,639
Coke / / 173 187 0
Residual oil / / 1188 1369 17,661
Gasoline / / 1 1 0
Diesel / / 1098 1191 0
BFG / / 17 17 0
CoG / / 7 8 0
Sources [32] [33] [34]

Table 5

Energy consumption of components and vehicle assembly.
Energy consumption (M] per vehicle) Painting HVAC and lighting  Material handling  Heating  Air compressing  Welding  Battery assembly

NMC LFP  Lead-acid

Total 2727 290 60 3143 80 120 257 257 40
Coal 0 0 0 0 0 0 0 0 0
Electricity 302 290 60 0 80 120 162 162 15
Natural gas 2425 0 0 3143 0 0 95 95 25
Sources [35-37] [38]

Table 6

Life cycle GHG emission factors.
Life cycle GHG emission factors (g-CO,eq/M], g-CO,eq/kWh) Production Combustion Total Sources
Coal 24 95.1 97.5 [39,40,44]
Electricity 834.5 / 834.5 [41,42]
Natural gas 8.6 56.2 64.8 [39,40,44]
Coke / 107.5 107.5 [43,44]
Residual oil 14.0 77.7 91.7 [39,40,44]
Gasoline 18.1 69.6 87.7 [39,40,44]
Diesel 16.3 74.4 90.7 [39,40,44]
BFG / 260.1 260.1 [44]
CoG / 445 445 [44]

Note:

(a) Blast Furnace Gas (BFG) and Coke Oven Gas (COG) are the by-products of coke production, indicating that the emission factors are included in the factor of coke

production.

(b) Supplies used during the material production process, such as limestone, steam and oxygen, are calculated in terms of the energy (listed above) used based on the GREET

model.

sel are estimated based on China’s circumstance [39] and the data
is imported from SinoCenter database [40]. The GHG emission fac-
tor of electricity is considered more carefully. Since China is a big
country, the provincial emission factors vary among a wide range.
Meanwhile, vehicle production is related to various industries
throughout the country, which makes it unreasonable to use the
factor in one certain region. Therefore, this study estimates the
provincial average GHG emission factor through the provincial grid
emission factors [41] and the weighted average generating capac-
ity [42]. As mentioned above, the emission factor of coke produc-
tion is imported from the reports of Chinese coke producers [43].
When it comes to the energy combustion, this study assumes that
the combustion modes in China conform to the international stan-
dard. Therefore, the emission factors are imported from the Inter-
governmental Panel on Climate Change (IPCC) guidelines [44].

3. Results and analysis
3.1. Overview

Fig. 2 presents the detailed energy consumption and GHG emis-
sions of each component, material and energy source. It has been

revealed that the total energy consumption and GHG emissions
of a BEV with an NMC/LFP battery are 92,392 M], 15,005 kg CO,-
eq/94,341 MJ, 15,174 kg CO,eq, which is 45%, 50%/48%, 52% greater
than the level of an ICEV, 63,515 M]J, 9985 kg CO,eq, respectively.
In order to concisely highlight the core sectors, several sectors
accounting for only a little proportion are not labeled in this figure.
In short, the larger energy consumption and GHG emissions of
BEVs are mainly caused by certain sectors, such as the Li-ion bat-
teries, and steel.

3.2. Energy consumption and GHG emissions of each component

Fig. 3 presents the detailed energy consumption and GHG emis-
sions of each component.

Clearly, energy consumption and GHG emissions of the body
(including the body-in-white, interior, exterior and glass) and
chassis (without battery) are 21,577 MJ, 2810 kg CO,eq and
13,051 M]J, 1710 kg COeq for an ICEV; 34,250 M]J, 4460 kg CO,eq
and 20,648 M]J, 2706 kg CO,eq for a BEV with an NMC/LFP battery,
the number is quite large for the reference vehicles. Li-ion batteries
in the BEV cause huge amounts of additional energy consumption
and GHG emissions. In actuality, the values for an NMC/LFP battery
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are 10,117 M], 2896 kg CO,eq/12,066 MJ, 3066 kg CO,eq, which is
determined that BEV production consumes more energy and emits
more GHG. Furthermore, the energy consumption and GHG emis-
sions of several other components of a BEV are also larger than
those of an ICEV due to the larger weight.

3.3. Energy consumption and GHG emissions of each material

Fig. 4 presents the detailed energy consumption and GHG emis-
sions of each material.

When it comes to the materials, steel appears to be dominant
due to the vast consumption in both ICEVs and BEVs. The energy
consumption and GHG emissions of steel are 38,881 M], 5048 kg
CO,eq for an ICEV, 53,498 M]J, 6946 kg CO,eq for a BEV with an
NMC battery, and 53,549 MJ, 6952 kg CO,eq for a BEV with an
LFP battery, accounting for the largest proportion. Aluminum is
also an important material as it is used in several light-weight
components. It is worth mentioning that the active materials used
in an NMC/LFP battery result in 6,016/6334 M] energy consump-
tion and 1,866/1641 kg CO,eq GHG emissions, and the preliminary

production techniques in China are responsible for such large
values.

3.4. Energy consumption and GHG emissions of each energy source

Fig. 5 presents the detailed energy consumption and GHG emis-
sions of each energy source. The GHG emissions from ‘Others’ are
relatively high due to various non-combustion emissions embed-
ded in this sector. However, this section aims to analyze the energy
consumption and GHG emissions from different kinds of energy,
the ‘Others’ sector is not analyzed in details.

Based on the steel production techniques in China, huge
amounts of coal and coke are consumed during the BF-BOF process,
which leads to high GHG emissions associated with coal and coke.
Natural gas and electricity are widely used for the production of
various materials, as well as component/vehicle assembly. It has
been revealed that the GHG emissions of electricity consumption
account for a larger proportion than the electricity consumption
itself does, indicating that the GHG emission factor of electricity
is more significant than the average level among all kinds of energy
in China.
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3.5. Sensitivity analysis

According to the importance and technical trends of BEVs in
China, three major sectors are analyzed in this section: curb
weight; GHG emission factor of electricity production; energy con-
sumption and GHG emissions of Li-ion battery production. Fig. 6
presents the results of analysis.

As mentioned in Section 2.2, the vehicle specifications are esti-
mated based on enterprise investigations, literature reviews and
dismantling reports. Errors exist due to the diversity of vehicles.
In order to reflect the effect on results, this study calculated the
energy consumption and GHG emissions when the curb weight is
10% heavier or lighter. As a result, the energy consumption of an
ICEV, BEV-NMC and BEV-LFP are influenced by 8.0%, 7.5% and
7.3%, and the levels for GHG emissions are 7.3%, 6.7% and 6.6%.

On the other hand, a huge amount of electricity is consumed
during vehicle production, and the GHG emission factor of electric-
ity production is relatively large due to the coal-based grid mix in
China. This study analyzes the effects by assuming a 10% larger or
smaller GHG emission factor. Apparently, the energy consumption
remains the same, and GHG emissions of an ICEV, BEV-NMC and
BEV-LFP are influenced by 3.7%, 3.8% and 3.9%.

Furthermore, the Li-ion battery industry is in a preliminary
stage in China, and very few studies were focused on the energy
consumption and GHG emissions of the batteries, as well as the
production standards. Therefore, this study considers the errors
caused by Li-ion battery production. Parameter 0.9 and 1.1 are
used to multiply the energy consumption and GHG emissions of
an NMC/LFP battery production. Considering the total energy con-
sumption and GHG emissions of a BEV with NMC/LFP battery, the
decrements are 1.1%, 2.0%/1.3%, 2.0%, respectively. Due to the large

uncertainty of the Li-ion battery production techniques, care must
be taken when estimating the energy consumption and GHG emis-
sions associated with batteries.

4. Discussion
4.1. Comparative simulation results

Several former research studies have provided benchmarks for
the energy consumption or GHG emissions of ICEVs or BEVs.
Argonne National Laboratory estimated the level in the U.S. and
revealed that the GHG emissions of an ICEV are 7052 kg CO»eq,
and the number for an equivalent BEV with NMC/LFP battery
was 9,450/9222 kg CO,eq [18], which were significantly lower
than the values in China. The more advanced Li-ion battery produc-
tion techniques and matured vehicle recycling industry were the
dominating reasons. Alternatively, the situation in Europe was
quite different. Hawkins estimated the GHG emissions of mid-
size ICEV and BEV production based on the Ecoinvent v2.2 data-
base, and the results revealed that the GHG emissions of a BEV
with an NMC/LFP battery were 13/14 t CO,eq, while an equivalent
ICEV only emitted 6.5 t COeq [10]. In Australia, the situation was
even worse because of the large GHG emission factor of electricity.
A B-class BEV produced in Australia would create about 13 t CO,eq,
and the number for an equivalent ICEV was about 8 t CO,eq [11].
When it came to the situation in China, Wang evaluated the envi-
ronmental impact of a B-class BEV produced in China. The author
pointed out that about 10.2 t CO,eq would be created if 40% of
the materials used in the vehicle were recycled materials. The
number was relatively small due to the large proportion of recy-
cled materials [12].
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In short, the results vary in a wide range among different thermore, the manufacturing techniques of other parts can
regions due to the variable production techniques and auxiliary be improved as well. For example, if the best available tech-
industries. However, all the reference results have showed that nologies are adopted by the steel production, the energy
the environmental impact of BEV production is much worse than consumption can be reduced from 45.6 GJ/t to 21.0 GJ/t
it of ICEV production, which matches the results in this study. [18], which can save up to 30% of the total energy consumed

during vehicle production.
4.2. Mitigation opportunities In order to improve the situation, Chinese government should
pay more attention to integrate or outlaw the scattered midget

BEVs are designed to obtain more environmental benefits, but plants and promote leading plants to research and develop
the energy consumption and GHG emissions of BEV production more advanced products. There is no doubt that the products
are much larger than those of ICEV production in China. According from midget plants are cheaper and have lower performance.
to the results in this study, several mitigation opportunities can be They are profitable but inhibit the motivation to develop
expected: advanced products. In recent years, China has already intro-

duced a series of policies to rule the manufacturing industry,

(a) From a component point of view, Li-ion battery production but the regulatory power remains to be enhanced.

techniques have a large room for improvement. The U.S. (b) From a material point of view, the vehicle recycling industry
has cleaner production techniques for Li-ion batteries, which ought to be developed in China. The energy consumption
only lead to about 1.1 t CO,eq GHG emissions for NCM/LFP and GHG emissions of several materials production, such
battery production [18], one third of the level in China. Fur- as steel, aluminum and active materials, are quite large.
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Although not all the materials in the vehicles can be recy-
cled. This circumstance can be effectively improved by using
recycled materials. However, the recycled steel only
accounts for 11% of the total steel consumption in China,
while the proportion is 56% in the EU, 70% in the U.S. and
90% in Turkey [45]. For example, 3.1 t CO,eq GHG emissions
can be reduced by recycling an 1145 kg ICEV in China,
implying a similar reduction rate for the BEVs without bat-
teries [46]. In addition, considering the situation in the U.
S., the reduction rate of the energy consumption and GHG
emissions of the Li-ion battery production is up to 48% by
battery recycling [47].
In order to gain environmental benefits from vehicle recycling, a
series of measures should be taken. First, an efficient law and
regulation system is necessary. Globally, vehicle recycling has
attracted much attention and is well managed in many devel-
oped countries. In the U.S., driven by the profits and strict reg-
ulations, over 95% of the End-of-Life Vehicles (ELVs) are taken
into recycling by specific enterprises, and about 80% of the
materials can be recovered [48]. In the EU, all the European
Member States are forced by the European Directive 2000/53/
EC to guarantee the 85% recycling rate for ELVs, and 95% of
the materials should be recovered [49]. In Japan, a series of reg-
ulations focused on ELV management have been put into appli-
cation since 2005. Unofficial leagues, which consist of vehicle
manufacturers, recycling enterprises and non-profit organiza-
tions, play important roles in the vehicle recycling industry.
Forced by the government and leagues, the recycling rate of
ELVs reached 95% in 2015 [50]. In China, although detailed reg-
ulations have been introduced since 2001, a large number of
ELVs are still managed illegally. The disorderly market and
weak regulatory power make formal recycling enterprises
hardly survive [51]. Taking the cases in developed countries
as references, Chinese government should define the responsi-
bilities of each participant in the vehicle recycling industry.
For example, vehicle manufacturers in the U.S. and EU are
responsible for the vehicle recycling, and they will be seriously
punished if ELVs are not recycled appropriately. Chinese gov-
ernment is trying to establish a similar system, but it may take
a long time to form the regulatory power.
Secondly, market mechanism can help establish the vehicle
recycling industry. In fact, vehicle recycling, especially Li-ion
battery recycling, is profitable. For example, as mentioned in
the former section, China is poor at lithium ore mining and pro-
cessing, and most of the lithium products are imported from
Chile, which partly results in the high cost of Li-ion production.
Li-ion battery recycling is an efficient way to provide lithium
products, such as the NMC material [47], which is the meaning-
ful for both manufacturers and recycling enterprises. Actually,
the leading vehicle recycling enterprises, such as Brunp Recy-
cling, are growing rapidly in recent years. Chinese government
can take advantage of the market mechanism to support formal
enterprises.
Finally, China should pay attention to develop effective vehicle
recycling techniques. A complete vehicle recycling process in
developed countries is made up of three major stages: disman-
tling, shredding and post-shredding-treatments [52]. However,
most domestic vehicle recycling enterprises in China are still in
a preliminary stage, in which only basic techniques are adopted
to recycle steel, iron scraps and rubber at low rates [46]. These
enterprises have weak research and development power and
little motivation to improve themselves, which do not con-
tribute to the vehicle recycling industry in China. Therefore,
the government can improve the standards for vehicle recycling
enterprises and support the leading ones to develop advanced
techniques. Furthermore, the Li-ion battery recycling tech-

niques are different from normal vehicle recycling techniques.
The most widely adopted technique is the hydrometallurgical
process, which has been optimized by Retriev Technologies,
one of the leading battery recycling enterprises in North Amer-
ica [53]. In China, the battery recycling industry is developed in
only a few years and there are not many enterprises. The lead-
ing battery recycling enterprises have already been able to carry
out the advanced hydrometallurgical process [54]. The govern-
ment can support these enterprises and set relatively high stan-
dards for battery recycling enterprises to guarantee the orderly
market.

(c) From an energy point of view, China is paying attention to
optimizing the energy structure and reducing the emission
factors of the grid mix. For example, the application of solar
power, nuclear power and wind power is bound to reduce
the emission factor of electricity, 835 g COeq/kWh in China,
which is much higher than that in the U.S., 609 g CO,eq/kWh
[18]. Therefore, the GHG emissions of vehicle production can
be reduced indirectly.

On the other hand, as mentioned above, the GHG emission fac-

tor of electricity varies significantly among different provinces.

Chinese government can consider supporting the manufactur-

ing plants carrying out energy intensive processes in the pro-

vinces with low emission factors. For instance, GHG emissions
of primary aluminum production vary from 8.2 (Qinghai) to

21.7 (Inner Mongolia) t-CO,eq/t-ingot due to the huge amount

of electricity consumed during the production process and the

large disparity between the factors in Qinghai and Inner Mon-
golia [30]. In fact, the government aims to reduce the industrial
pollution and has introduced policies to support the factories
built in the northwest, causing that China’s industrial center
is gradually moving from northeast China to northwest China
[55].

5. Conclusions

In order to reflect the environmental impact when ICEVs are
replaced with BEVs in China, the country with the largest BEV out-
put and automotive market worldwide, this study estimates the
CTG energy consumption and GHG emissions of vehicles, which
is an important phase during the vehicle life cycle. Standard mid-
size passenger ICEV and BEV with NMC/LFP batteries are chosen
as the reference vehicles. The total energy consumption and GHG
emissions are 63,515 M], 9985 kg CO,eq for an ICEV, 92,392 M],
15,005 kg COyeq for a BEV with an NMC battery and 94,341 M],
15,174 kg CO,eq for an EV with an LFP battery. Comparatively
speaking, the values for an EV are about 50% higher than those
for an ICEV. The results are analyzed from each component, mate-
rial and energy source points of view. Considering the components,
Li-ion batteries incur nearly 13% of total energy consumption and
20% of total GHG emissions of BEV production. From a material
point of view, steel, aluminum and active materials lead to about
60%, 10% and 7% of total energy consumption and 50%, 17% and
11% of total GHG emissions respectively. When it comes to energy
sources, coal, coke, electricity and natural gas account for about
36%, 16%, 10% and 30% of total energy consumption.

Aiming to find out the mitigation opportunities, this study ana-
lyzes three major methods. First, manufacturing techniques, espe-
cially energy intensive processes, can be improved to reduce the
energy consumption and then the GHG emissions. For example, a
Li-ion battery produced in the U.S. only creates one third of the
GHG emissions of it produced in China. Secondly, vehicle recycling
is an efficient way to reduce the material consumption, which indi-
rectly reduce the energy consumption and GHG emissions. If all the
vehicle materials can be recycled to produce new vehicles, about
30% of the energy consumption and GHG emissions can be saved.
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Finally, the energy structure in China is being improved gradually.
The fossil fuels are replaced with renewable and clean energy such
as solar power, which helps reduce the GHG emission factor of
electricity to approach the level in developed countries. This will
reduce the GHG emissions of vehicle production as well.

Errors exist due to the uncertain curb weight, GHG emission
factor of electricity production and Li-ion battery production tech-
nique. Therefore, sensitivity analysis is carried out to evaluate the
effect of these three sectors. As a result, when the curb weight,
GHG emission factor of electricity production, or energy consump-
tion and GHG emissions of Li-ion battery production are changed
by 10%, the results are changed by about 7%, 4% or 2%, respectively.
Due to the rapid growth of vehicle industry in China, care must be
taken before drawing conclusions in the future.

Despite the important results provided by this study, further
research studies are required to obtain more precise estimations.
For example, the vehicle specifications and other technological
parameters are unclear in China, causing a certain amount of error.
On the other hand, due to the rapid growth of vehicle industry in
China, a regularly updated database containing the vehicle specifi-
cations, manufacturing parameters, emission factors and energy
efficiency should be established.

Acknowledgements

This study is sponsored by the National Natural Science Foun-
dation of China (71403142, 71690241, 71572093), Beijing Natural
Science Foundation (9162008), State Key Laboratory of Automotive
Safety and Energy (ZZ2016-024). The authors would like to thank
the anonymous reviewers for their reviews and comments.

References

[1] China Association of Automobile Manufacturers (CAAM). China Automotive
Industry Yearbook 2016. China Association of Automobile Manufacturers
Press, 2016a.

[2] Chinese State Council. Energy Saving and New Energy Vehicles Development
Plan (2012-2020). Beijing, China 2012. http://www.gov.cn/zwgk/2012-07/
09/content_2179032.htm [accessed October 2016].

[3] Bauer C, Hofer ], Althaus HJ, Duce AD, Simons A. The environmental
performance of current and future passenger vehicles: life cycle assessment
based on a novel scenario analysis framework. Appl Energy 2015;157:871-83.

[4] Lewis AM, Kelly JC, Keoleian GA. Vehicle lightweighting vs. electrification: life
cycle energy and GHG emissions results for diverse powertrain vehicles. Appl
Energy 2014;126:13-20.

[5] Yuan X, Li L, Gou H, Dong T. Energy and environmental impact of battery
electric vehicle range in China. Appl Energy 2015;157:75-84.

[6] Zeng Y, Tan X, Gu B, Wang Y, Xu B. Greenhouse gas emissions of motor vehicles
in Chinese cities and the implication for China’s mitigation targets. Appl
Energy 2016;184:1016-25.

[7] Oris F, Muratori M, Rocco M, Colombo E, Rizzoni G. A multi-dimensional well-
to-wheels analysis of passenger vehicles in different regions: primary energy
consumption, CO, emissions, and economic cost. Appl Energy
2016;169:197-209.

[8] Bicer Y, Dincer I. Comparative life cycle assessment of hydrogen, methanol and
electric vehicles from well to wheel. Int ] Hydrogen Energy 2016.

[9] Onn CC, Chai C, Rashid AFA, Karim MR, Yusoff S. Vehicle electrification in a
developing country: status and issue, from a well-to-wheel perspective.
Transport Res Part D: Transport Environ 2017;50:192-201.

[10] Hawkins TR, Singh B, Majeau-Bettez G, Stromman AH. Comparative
environmental life cycle assessment of conventional and electric vehicles. ]
Ind Ecol 2013;17(1):53-64.

[11] Sharma R, Manzie C, Bessede M, Crawford RH, Brear M]. Conventional, hybrid
and electric vehicles for Australian driving conditions. Part 2: life cycle CO,-e
emissions. Transport Res Part C: Emerg Technol 2013;28:63-73.

[12] Wang D, Zamel N, Jiao K, Zhou Y, Yu S, Du Q. Life cycle analysis of internal
combustion engine, electric and fuel cell vehicles for China. Energy
2013;59:402-12.

[13] Nanaki EA, Koroneos CJ. Comparative economic and environmental analysis of
conventional, hybrid and electric vehicles - the case study of Greece. ] Clean
Prod 2013;53:261-6.

[14] Tagliaferria C, Evangelistia S, Acconciab F, Domenechc T, Ekinsc P, Barlettab D,
et al. Life cycle assessment of future electric and hybrid vehicles: a cradle-to-
grave systems engineering approach. Chem Eng Res Des 2016;112:298-309.

[15] Organisation Internationale des Constructeurs d’Automobiles (OICA). Global
Vehicle Production. Paris, France; 2016. <http://www.oica.net/> [accessed
December 2016].

[16] International Energy Agency (IEA). CO, Emissions from Fuel Combustion. Paris,
France 2015. <https://www.iea.org/statistics/
relateddatabases/co2emissionsfromfuelcombustion/> [accessed December
2016].

[17] Chinese State Council. Enhanced Actions on Climate Change: China’s Intended
Nationally Determined Contributions. Beijing, China 2015. <http://www.
sdpc.gov.cn/xwzx/xwfb/201506/t20150630_710204.htmI> [accessed
November 2016].

[18] Argonne National Laboratory (ANL). The Greenhouse Gases, Regulated
Emissions, and Energy Use in Transportation Model. Chicago University, U.S.;
2016. <https://greet.es.anl.gov/> [accessed October 2016].

[19] Greenhouse Gas Protocol. What is the difference between direct and indirect
emissions. Washington D.C., U.S. 2015. <https://www.ghgprotocol.
org/calculation-tools/faq> [accessed December 2016].

[20] Ministry of Industry and Information Technology. 1~12 Economic operation
situation of automobile industry. Beijing, China 2016. <http://www.miit.gov.
cn/n1146285/n1146352/n3054355/n3057585/n3057589/c4622317content.
html> [accessed December 2016].

[21] Das S. A comparative assessment of alternative powertrains and body-in-
white materials for advanced technology vehicles. SAE Technical Paper
2004:01-0573.

[22] Burnham A. Updated vehicle specifications in the GREET vehicle-cycle
model. Argonne National Laboratory; 2012.

[23] China Association of Automobile Manufacturers (CAAM). The development of
chinese automobile industry annual report. Social Sciences Academic Press;
2016b.

[24] Nelson PA, Gallagher KG, Bloom I, Dees DW. Modeling the performance and
cost of lithium-ion batteries for electric-drive vehicles. Argonne National
Laboratory; 2011.

[25] Keoleian G, Miller S, Kleine R, Fang A, Mosley ]. Life cycle material data update
for GREET model. Argonne National Laboratory; 2012.

[26] Burnham A, Wang M, Wu Y. Development and applications of GREET 2.7 - the
transportation vehicle-cycle model. Argonne National Laboratory; 2006.

[27] Brown HL. Energy analysis of 108 industrial processes. The Fairmont Press Inc.;
1996.

[28] Editorial Board of China Steel Yearbook. China Steel Yearbook
2015. Metallurgical Industry Press; 2015.

[29] Jing R, Cheng JCP, Gan VJL, Woon KS, Irene MCL. Comparison of greenhouse gas
emission accounting methods for steel production in China. J Clean Prod
2014;83:165-72.

[30] Hao H, Geng Y, Hang W. GHG emissions from primary aluminum production in
China: regional disparity and policy implications. Appl Energy
2016;166:264-72.

[31] Zeng G, Yang ], Song X, Lv B. Energy consumption and carbon emissions
scenario analysis of pyrometallurgical copper based on LCA. China Popul
Resour Environ 2012;22(4):46-50.

[32] Wang Q. Cathodes materials of lithium ion battery comparative analysis based
on life cycle assessment M.S. Academic Dissertation. South China University of
Technology; 2012. p. 35-6.

[33] Dunn JB, Gaines L, Barnes M, Wang M, Sullivan J. Material and energy flows in
the materials production, assembly, and end-of-life stages of the automotive
lithium-ion battery life cycle. Argonne National Laboratory; 2012.

[34] Yang D, Jingru L, Jianxin Y, Ding N. Carbon footprint analysis of radial tyres of
passenger cars. Chinese ] Populat Resources Environ 2014;24:110-4.

[35] Papasavva S, Kia S, Claya J, Gunther R. Characterization of automotive paints:
an environmental impact analysis. Prog Org Coat 2001;43(1):193-206.

[36] Papasavva S, Kia S, Claya J, Gunther R. Life cycle environmental assessment of
paint processes. ] Coatings Technol 2002;74(925):65-76.

[37] Sullivan JL, Burnham A, Wang M. Energy-consumption and carbon-emission
analysis of vehicle and component manufacturing. Argonne National
Laboratory; 2010.

[38] Lu Q, Wu PF, Shen WX, Wang XC, Zhang B, Wang C. Life cycle assessment of
electric vehicle power battery. Mater Sci Forum 2016;847:403-10.

[39] National Development and Reform Commission (NDRC). Chinese low carbon
development and training materials of listing of provincial greenhouse gas.
Beijing, China 2014. http://qhs.ndrc.gov.cn/gzdt/201403/t20140328_604827.
html [accessed December 2016].

[40] Chen YS. A study on life cycle ecological benefits assessment of automotive
parts (unpublished publicly) Ph.D. Academic Dissertation. Hunan University;
2014. p. 42-8.

[41] Ma C, Li S, Ge Q. Greenhouse gas emission factors for grid electricity for
Chinese provinces. Resources Sci 2014;36(5):1005-12.

[42] National Bureau of Statistics of China (NBSC). Annual Provincial Power
Generation. Beijing, China; 2016. <http://data.stats.gov.cn/easyquery.htm?
cn=C01> [accessed December 2016].

[43] Weng XH. Research about the problems exist in the statistics of
comprehensive energy consumption per unit product of coke in China.
Metall Econ Manage 2009;4:22-6.

[44] Intergovernmental Panel on Climate Change (IPCC). 2006 IPCC Guidelines for
National Greenhouse Gas Inventories; 2006. <https://www.ipcc-nggip.iges.or.
jp/public/2006g]> [accessed November 2016].

[45] Wiibbeke ]. Heroth T challenges and political solutions for steel recycling in
China. Resour Conserv Recycl 2014;87:1-7.

China. Appl Energy (2017), http://dx.doi.org/10.1016/j.apenergy.2017.05.041

Please cite this article in press as: Qiao Q et al. Cradle-to-gate greenhouse gas emissions of battery electric and internal combustion engine vehicles in



http://www.gov.cn/zwgk/2012-07/09/content_2179032.htm
http://www.gov.cn/zwgk/2012-07/09/content_2179032.htm
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0015
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0015
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0015
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0020
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0020
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0020
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0025
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0025
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0030
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0030
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0030
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0035
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0035
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0035
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0035
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0035
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0040
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0040
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0045
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0045
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0045
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0050
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0050
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0050
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0055
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0055
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0055
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0055
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0060
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0060
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0060
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0065
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0065
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0065
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0070
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0070
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0070
http://www.oica.net/
https://www.iea.org/statistics/relateddatabases/co2emissionsfromfuelcombustion/
https://www.iea.org/statistics/relateddatabases/co2emissionsfromfuelcombustion/
http://www.sdpc.gov.cn/xwzx/xwfb/201506/t20150630_710204.html
http://www.sdpc.gov.cn/xwzx/xwfb/201506/t20150630_710204.html
https://greet.es.anl.gov/
https://www.ghgprotocol.org/calculation-tools/faq
https://www.ghgprotocol.org/calculation-tools/faq
http://www.miit.gov.cn/n1146285/n1146352/n3054355/n3057585/n3057589/c4622317/content.html
http://www.miit.gov.cn/n1146285/n1146352/n3054355/n3057585/n3057589/c4622317/content.html
http://www.miit.gov.cn/n1146285/n1146352/n3054355/n3057585/n3057589/c4622317/content.html
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0105
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0105
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0105
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0110
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0110
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0120
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0120
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0120
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0125
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0125
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0130
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0130
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0135
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0135
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0140
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0140
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0145
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0145
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0145
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0150
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0150
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0150
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0155
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0155
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0155
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0160
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0160
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0160
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0165
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0165
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0165
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0170
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0170
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0175
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0175
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0180
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0180
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0185
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0185
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0185
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0190
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0190
http://qhs.ndrc.gov.cn/gzdt/201403/t20140328_604827.html
http://qhs.ndrc.gov.cn/gzdt/201403/t20140328_604827.html
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0200
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0200
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0200
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0205
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0205
http://data.stats.gov.cn/easyquery.htm?cn=C01
http://data.stats.gov.cn/easyquery.htm?cn=C01
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0215
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0215
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0215
https://www.ipcc-nggip.iges.or.jp/public/2006gl
https://www.ipcc-nggip.iges.or.jp/public/2006gl
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0225
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0225
http://dx.doi.org/10.1016/j.apenergy.2017.05.041

ARTICLE IN PRESS

Q. Qiao et al./Applied Energy xxx (2017) XxX—Xxx 13

[46] Li W, Bai H, Yin ], Xu H. Life cycle assessment of end-of-life vehicle recycling
processes in China - take Corolla taxis for example. ] Clean Prod
2016;117:176-87.

[47] Dunn JB, Gaines L, Sullivan ], Wang MQ. Impact of recycling on cradle-to-gate
energy consumption and greenhouse gas emissions of automotive lithium-ion
batteries. Environ Sci Technol 2012;46(22):12704-10.

[48] Kumar V, Sutherland JW. Development and assessment of strategies to ensure
economic sustainability of the U.S. automotive recovery infrastructure.
Resources, Conserv Recycl 2009;53(8):470-7.

[49] Santini A, Morselli L, Passarini F, Vassura I, Carlo SD, Bonino F. End-of-life
vehicles management: Italian material and energy recovery efficiency. Waste
Manage 2011;31(3):489-94.

[50] Zhao Q, Chen M. A comparison of ELV recycling system in China and Japan and
China’s strategies. Resources, Conserv Recycl 2011;57:15-21.

[51] Zhao F, Chen Y, Hao H, Liu Z. The problem analysis and countermeasures of
recycling automotive products in China. Sci Technol Manage Res 2016;36
(11):116-20.

[52] Belboom S, Lewis G, Bareel P, Leonard A. Life cycle assessment of hybrid
vehicles recycling: comparison of three business lines of dismantling. Waste
Manage 2016;50:184-93.

[53] Georgi-Maschler T, Friedrich B, Weyhe R, Heegn H, Rutz M. Development of a
recycling process for Li-ion batteries. ] Power Sources 2012;207:173-82.

[54] Xie Y, Yu H, Ou Y, Li C. Environmental impact assessment of recycling waste
traction battery. Inorgan Chem Ind 2015;47(4):43-6.

[55] Ma J, Zhao Y, Xu S. Comparative analysis of the transfer paths of industrial
pollution center and economic center in China. Urban Environ Stud
2016;2:80-94 (in Chinese).



http://refhub.elsevier.com/S0306-2619(17)30543-3/h0230
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0230
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0230
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0235
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0235
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0235
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0240
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0240
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0240
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0245
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0245
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0245
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0250
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0250
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0255
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0255
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0255
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0260
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0260
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0260
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0265
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0265
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0270
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0270
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0275
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0275
http://refhub.elsevier.com/S0306-2619(17)30543-3/h0275
http://dx.doi.org/10.1016/j.apenergy.2017.05.041

	Cradle-to-gate greenhouse gas emissions of battery electric and internal combustion engine vehicles in China
	1 Introduction
	2 Methods
	2.1 Assumptions and system boundary
	2.2 Vehicle specifications
	2.3 Mathematical formulation
	2.4 Data
	2.4.1 Material production and transformation for components production
	2.4.2 Components and vehicle assembly
	2.4.3 GHG emission factors


	3 Results and analysis
	3.1 Overview
	3.2 Energy consumption and GHG emissions of each component
	3.3 Energy consumption and GHG emissions of each material
	3.4 Energy consumption and GHG emissions of each energy source
	3.5 Sensitivity analysis

	4 Discussion
	4.1 Comparative simulation results
	4.2 Mitigation opportunities

	5 Conclusions
	Acknowledgements
	References


