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Abstract

In order to explore the difference between EREV (extended range electric vehicles) and BEV (battery electric vehicles) in
terms of energy consumption and pollution emissions, two representative models in the Chinese market are taken as research
object. Meanwhile, mineral resources, fossil energy consumption, and pollution emissions are selected as comparative evalu-
ation indexes, and corresponding mathematical evaluation difference models are established. Then, an analysis model for
vehicles and components is constructed by using GaBi software based on the evaluation indexes and mathematical evaluation
difference models. In addition, energy consumption and pollution emission of two vehicles under different operation modes
are compared based on the structural differences of two power systems. From the respective of life cycle assessment (LCA),
mineral resources consumption of BEV is 0.184 kg Sb eq, fossil energy consumption is 1.85 E+05 MJ, and carbon emission
is 1.69 E+ 04 kg, which is approximately 1.29 times, 0.52 times, and 1.23 times of EREV. In the three electric system, mineral
resources consumption of battery, motor, and electronic control of BEV is approximately 2.7 times, 1.29 times, and 1.22 times
of that of EREYV, respectively. Fossil energy consumption in raw material acquisition stage is approximately 1.92 times, 1.29
times, and 1.22 times, respectively, and that in manufacturing and assembly stage is approximately 2.03 times, 1.29 times, and
1.22 times, respectively. Carbon emissions are approximately 1.92 times, 1.29 times, and 1.22 times, respectively. In the pure
electric mode, crude oil consumption of the EREV is 283.43 kg, which is approximately 4.06 times of that of the BEV; raw
coal consumption of the BEV is 5231.7 kg, which is approximately 4.71 times that of the EREV; and natural gas consumption
is approximately 7.4 times that of the EREV. In the extended range mode, natural gas consumption of the EREV is 515.45 kg,
which is approximately 3.16 times that of the BEV in pure electric mode. Finally, from the aspects of manufacturing process
optimization, body lightweight, and low-carbon energy structure, some suggestions are given to provide reference for policy
formulation and filed research on energy saving and pollution emission reduction, so that the technology route of new energy
vehicles in China is promoted and application of LCA in the field of new energy vehicles is improved.

Keywords Extended range electric vehicles - Battery electric vehicles - Life cycle assessment - Energy consumption -
Pollution emissions - Operation mode - Comparative analysis

Introduction

China is experiencing rapid economic growth, followed by
rapid growth in car ownership. The rapid growth in car owner-
ship and use has exacerbated global warming, pollution emis-
sions, and other environmental problems (Chen et al. 2020). In
addition, in recent years, China’s resource and energy situation
54 Pei Fu has become increasingly tense, and its dependence on fossil

peifu@chd.edu.cn resource is much higher than that of other countries (Xu and Xu
2021) . As one of the important industries of national energy
sustainable development strategy and green ecological environ-
mental protection, new energy vehicles can effectively allevi-
ate energy and environmental problems, which are developing
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rapidly around the world. According to the plan of the Chinese
government, the cumulative output of electric vehicles will
reach 5 million vehicles (Qiao et al. 2017). In 2020, in order to
promote the high-quality development of the new energy auto-
mobile industry and accelerate the establishment of a powerful
automobile country, the General Office of the State Council
issued the “New Energy Automobile Industry Development
Plan (2021-2035),” clearly pointing out that the development
of new energy vehicles is the focus of energy conservation and
emission reduction. At present, China’s new energy vehicles
have formed a trend of parallel development of multiple tech-
nical routes, and extended-range electric vehicles (EREV) and
battery electric vehicles (BEV) have become two important
technical routes for the electrification of China’s automobile
industry. Therefore, comprehensive research on the benefits of
energy-saving and emission reduction of EREV and BEV will
help to further explore solutions to alleviate the problems of
resource depletion energy consumption and environmental pol-
lution, and explore to accelerate the realization of new energy
vehicle industry and energy green development path in China.

Literature review

Life cycle assessment (LCA) is a tool to evaluate the energy
consumption and environmental impact of products, pro-
cesses, or services in the whole life cycle (from cradle to
grave) from raw material collection to product production,
transportation, use, and final disposal (Wang et al. 2015). It
has been widely used in various fields such as energy, envi-
ronment, economic evaluation, and social policy for many
years. For example, Mu et al. (2021) uses the life cycle assess-
ment method to establish the life cycle inventory of nuclear
power generation system; conduct environmental impact
assessment; compare with the life cycle assessment results
of thermal power generation, wind power, hydropower, and
other renewable energy power; and predict the improvement
potential of power grid in the future. Song et al. (2021) used
the LCA method to evaluate the environmental impact of the
cement manufacturing process with carbide slag and other
industrial solid wastes as all raw materials, and evaluated the
environmental impact of the process in 17 sub categories such
as global warming, fossil resource consumption, and land
occupation, and three major categories such as human health
impact, ecosystem impact, and resource consumption.

The theory and method system of LCA has been also widely
used in the research of new energy vehicles in recent years. For
example, Hawkins et al. (2012b, a) developed the life cycle
inventory of conventional diesel/gasoline vehicles and electric
vehicles and applied this inventory to assess a series of envi-
ronmental impacts of conventional diesel/gasoline vehicles
and electric vehicles. The results showed that hybrid electric
vehicles can reduce global warming potential by 10-24%, and
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electric vehicles have a substantial increase in potential in terms
of reducing environmental impact. Bickert et al. (2015) analyzed
the impact of the carbon emissions of small gasoline vehicles
and BEVs on the environment and economy. The results showed
that the emissions of BEVs are higher than that of gasoline
vehicles in the production stage, but the emissions are less in
the operation process. Hooftman et al. (2018) compared and
analyzed the power systems of plug-in hybrid electric vehi-
cles, BEVs, and EREVs by using the LCA method. The results
showed that the electric power system may improve urban air
quality, but battery manufacturing is an important factor in the
rise of the overall impact of electric vehicles. Evangelisti et al.
(2017) conducted a life cycle comparative analysis on hydrogen
fuel cell vehicles, BEVs, and gasoline vehicles and conducted
a sensitivity analysis on the fuel cell stack and key components
of fuel cell systems. The results showed that the production pro-
cess of fuel cell vehicles has a great impact on the environment.
Correa et al. (2017) proposed a multiphysical index model from
well to wheel and compared the energy and environment of five
kinds of urban bus powertrains. The results showed that short-
and medium-term hybrid electric buses have the optimal effect,
battery electric buses are suitable for short driving distances,
and fuel cell buses are suitable for long driving distances. Lewis
et al. (2014) evaluated the energy saving and emission reduction
potential of BEVs and the impact of light weight on energy and
greenhouse gas emissions. The results showed that when steel is
replaced by aluminum, energy consumption and greenhouse gas
emissions are significantly reduced in the entire cycle. Onat et al.
(2015) compared BEVs, plug-in hybrid electric vehicles, hybrid
electric vehicles, and gasoline vehicles in 50 states by compre-
hensively considering regional driving mode, power generation
structure differences, vehicles, and battery manufacturing pro-
cess. The results showed that electric vehicles are mostly con-
centrated in states with low carbon density, and hybrid electric
vehicles are considered the most energy-saving choice in other
situations. Noori et al. (2015) predicted the environmental emis-
sions and life cycle costs of gasoline vehicles, hybrid electric
vehicles, plug-in hybrid electric vehicles, EREVs, and BEVs
in different regions of the USA in 2030 in accordance with the
research model. The research results could help in identifying
the ideal combination of different models in different regions of
the USA in 2030 and prepare the transportation system of the
USA to cope with the influx of electric vehicles.

Compared with research on the LCA of new energy vehi-
cles in foreign countries, that in China started relatively late.
At present, research is mainly focused on universities and
has achieved corresponding results and practical application.
For example, Shi et al. (2019) conducted LCA on the whole
vehicle and fuel of gasoline vehicles and BEVs and analyzed
their emission reduction potential under different policies.
The results showed that BEVs can effectively reduce energy
consumption by 25-50%, but the emission in the upstream
process is higher. Xiong et al. (2019) studied the life cycle
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energy consumption and greenhouse gas emissions of BEVs
and plug-in hybrid electric vehicles. In Qinghua University,
Qiao et al. (2017) analyzed the greenhouse gas emissions of
BEVs and gasoline vehicles in the production stage, and the
results showed that the CO, emission of BEVs is nearly 60%
higher than that of gasoline vehicles. Peng et al. (2018) pro-
posed an extensible EV-LCA model and evaluated the energy
consumption and emissions of BEVs and gasoline vehicles by
considering the grid structure and vehicle energy efficiency
performance. The results showed that the BEVs can reduce
greenhouse gas emissions by 30-80% compared with gasoline
vehicles. Hao et al. (2017a, b) studied the life cycle costs and
greenhouse gas emissions of gasoline vehicles, hybrid electric
vehicles, and BEVs. The results showed that the cost-effective-
ness of BEVs cannot be compared with hybrid electric vehi-
cles but can reduce greenhouse gas emissions. Driven by the
optimization of power grid structures and battery cost, the cost
effectiveness of BEVs is expected to be significant in the next
10 years, thus improving and surpassing hybrid vehicles. In
Shanghai Jiaotong University, Hu et al. (2004) used LCA tech-
nology to evaluate China’s bioethanol hybrid fuel vehicles from
the aspects of economy, environment, and energy consumption.
The results showed that the consumption of fossil fuel and oil
and the emission of CO,, Co, HC, and other pollutants are low,
but the total energy consumption and NOx emission are high.
Yu et al. (2018) assessed the life cycle of gasoline vehicles and
BEVs equipped with lithium iron phosphate and nickel cobalt
manganese lithium batteries, respectively. The results showed
that the nonbiological exhaustion potential (ADP) and environ-
mental impact comprehensive value of BEVs are greater than
those of gasoline vehicles. Zhang et al. (2019) of the Research
Center for Ecological and Environmental Sciences, Chinese
Academy of Sciences, comprehensively evaluated the energy
consumption and greenhouse gas emissions of four major types
of electric vehicle chargers in China during the manufacturing,
service, and end-of-life stages and analyzed the changes of the
global warming potential of chargers from 2020 to 2040.

Contribution of this work

The application of LCA in the field of new energy vehicles is
mainly focused on BEVs and gasoline vehicles, followed by
hybrid electric vehicles and hydrogen fuel cell vehicles; research
on EREVs is less. Nevertheless, EREVs are an important devel-
opment technology route in China’s electric vehicle develop-
ment planning. In the literature, a detailed comparative study on
the entire life cycle stages of EREVs and BEVs have yet to be
conducted. Therefore, this study takes the typical EREVs and
BEVs in the Chinese market as specific research objects; selects
mineral resources, fossil energy, and carbon emissions as evalu-
ation indicators; adopts the life cycle assessment method (ISO
14040 2006); establishes corresponding mathematical evaluation

models around the three evaluation indexes; uses GaBi software
to build vehicle models; and analyzes the specific parts of the
two models from the perspective of the entire life cycle. On the
one hand, the research results can provide data support for the
formulation of China’s electric vehicle technology route; on the
other hand, it can improve research on LCA in the field of new
energy vehicles and provide reference for new energy vehicle
enterprises in terms of formulating strategic planning.

Methods
Assessment objects and functional units

This study considers the proportion of vehicle sales, technology
maturity, market application, and data completeness and selects
same-level vehicles (i.e., Chevrolet Volt and BYD EV5) as the
empirical research objects. The main performance parameters of
the two models are shown in Table 1. A functional unit refers to the
process of unified conversion of all data units to make the research
results comparable. Based on the existing research (Hawkins et al.
2012b, a) and considering the average mileage in the actual use of
vehicles (Hawkins et al. 2013), this study selects 150,000 km of
both vehicles on Chinese roads as the functional unit.

System boundaries and data sources

In this study, the entire life cycle is divided into four stages:
raw material acquisition, parts manufacturing and assem-
bly, vehicle operation, and recycling. In accordance with
the differences between the two models, the EREV is
mainly divided into nine important components, such as
range extender group (engine and generator), and the BEV
is divided into seven important components, such as power
battery. The division of each component is shown in Fig. 1.

In the process of inventory data collection, the vehicle model
data involved in various stages are mainly from domestic and
foreign research literature (Li 2015, 2014; Liu 2013; Gu 2011;
Zhang 2011), vehicle disassembly reports (Burnham et al. 2012),
enterprise research, and the company’s official website. In addi-
tion, upstream energy consumption data, such as electric energy
and thermal energy, mainly come from the database in GaBi 9.1.

Assumption

The main differences between EREV and BEV are the range
extender and the power battery. The engine of the range extender
has a displacement of 1.4 L, and the power battery has a battery
capacity of 43 kWh (see Table 1). According to the actual inves-
tigation, the mass of the engine is assumed to be 122.4 kg, the
power battery of EREV is assumed to be 171.7 kg, and the mass
of the power battery of BEV is assumed to be 482 kg. It is dif-
ficult to obtain the latest disassembly data for the specific material
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Table 1 Main performance parameters of EREVs and BEVs

BEV

Vehicle type Chevrolet volt BYD EV5 Data sources
Body size/mm 4498 x 1798 x 1430 4680 1765x 1500 Wu (2012) ; Ma (2019)
Curb weight/kg 1715 1845 Wu (2012); Ma (2019)
Battery energy/kWeh 16 43 Wu (2012); Ma (2019)
Maximum motor power/kW 111 160 Wu (2012); Ma (2019)
Engine displacement/L 1.4 / Wu (2012)
Electric range/km 56 305 Wu (2012); Ma (2019)
Total mileage/km 570 305 Wu (2012); Ma (2019)
Fuel consumption (pure oil)/[Le(100 km)~'] 6.36 / Wu (2012)
Comprehensive energy consumption/[kW 22.5 11.8 Wu (2012); Ma (2019)
he(100 km)™!
Maximum speed of BEV/km h! 161 130 Wu (2012); Ma (2019)
Mineral Resources: Steel, Iron, Copper \l/ \]/ Fossil Energy: Coal, Oil. Natural gas
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Fig. 1 Diagram of the system boundary

composition of the engine and power battery; therefore, previous
vehicle disassembly report (Burnham et al. 2012) is referred to
as data of this study; the specific material inventory of the engine
and power battery is seen in the Appendix Tables 2 and 3. The
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carbon emission factors of unit steel, iron, aluminum, and copper
are assumed to be 2.41 kg CO,, 2.38 kg CO,, 20.7 kg CO,, and
4.76 kg CO, (GaBi 2019). A total of 11.7 kWh of electricity and
8.8 kWh of natural gas are consumed to manufacture 1 kg power
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battery (Zhang 2011); meanwhile, 2.67 kWh of electricity is con-
sumed to assembly 1 kg power battery (Li 2014). In the operation
stage, the comprehensive power consumption of EREV is 22.5
kWh, and the pure oil mode and pure electric mode are consid-
ered and compared, which will be elaborated in detail below. The
carbon emission factor of electric energy is assumed to be 0.8 kg
CO,/kWh (GaBi 2019). Due to the energy loss in the process of
energy exploitation and power generation, the fossil energy con-
sumed is assumed to be 8.06 MJ/kWh (GaBi 2019). Because the
specific process of scrap recovery stage is relatively complex, it is
assumed that the recovery and utilization of steel, iron, aluminum,
and copper are mainly considered, and the recovery of precious
metals in power batteries is also mainly considered.

Impact assessment indicators and calculation
method

In this paper, mineral resource depletion, fossil energy consump-
tion, and carbon emission (CO,) are selected as the evaluation
indexes of energy consumption and emission respectively, and
the inventory analysis is carried out by constructing resource
consumption difference model, energy consumption difference
model, and carbon emission difference model, so as to calculate
and compare the resource consumption of aluminum, iron, cop-
per and other resources, energy consumption of coal, oil, natural
gas, and other equivalent emissions produced by two vehicles
of the same class in the whole life cycle. However, only calcu-
lating the consumption of various resources, energy and gas
emissions are not enough to directly reflect the performance dif-
ference of energy saving and emission reduction. Therefore, in
order to make the results more comparable, when analyzing and
measuring the calculation results of the model, the CML2001
(Dordrecht 2001) characteristic calculation method in the data-
base of GaBi software developed by Stuttgart University in
Germany is selected to integrate each kind of environmental
impact indicators. The steel, iron, copper, aluminum, and other
metal mineral resources consumed in the whole life cycle are
uniformly converted into mineral resource depletion (ADP (ele-
ment)), which is calculated by antimony equivalent in units of
(kg, Sb-Eq). The non-renewable energy sources such as crude
oil, raw coal, and natural gas are uniformly classified into fossil
energy consumption (ADP (fossil)), and the unit is uniformly
converted into MJ. The carbon emission mainly focuses on the
emission of greenhouse gas CO,.

Assessment model

Differential model of mineral energy consumption
According to the actual structural differences between the two
models and considering the number of vehicle parts, main mate-

rial composition, material preparation process, and part processing
process, this study establishes the resource consumption model.

N
Rippy = ZMUXUkXQk (D

i=1

s

Rppy = ZMinkaQk (2

i=1

In the formula, Rggpy and Rygy represent the resource
consumption of the EREV and BEV, respectively; M;; rep-
resents the amount of mineral resource i required for type j
components; U, and Q, represent the material utilization rate
of mineral resource k during processing and preparation; and
s indicates the number of parts.

Differential model of fossil energy consumption

According to the system boundary determined in this study, the
scope of research on the entire life cycle mainly includes four
stages: raw material acquisition, manufacturing and assembly,
operation and use, and scrap recycling. Given that the energy
consumption of the two models at different stages varies, the
energy consumption models for each stage are established as
follows:

s '
Eggey = Z Qi E, + Z Qi E, + Z Q, E,+L-(n -Ef+m-E)+ 2 [QRC : (E\I - E\'Z)]
i=1 i=1 e f

€)]
Egpy = ;in -Ej, + Z:,Qin -E,. + 2 Q, E,+L-E,-m+ ; [QRC . (Es] _Evz)]

“
In the formula, Eggpy and Epgy, respectively, indicate
fossil energy consumption of EREVs and BEVs; Q;; indi-
cates the quantity of type j raw materials required for type
i vehicle materials; E;, indicates the amount of type r fos-
sil energy consumption in producing type j per unit raw
material; s indicates the number of vehicle material; Q;,
represents the quality of type n vehicle material required
for type i vehicle component; E,, indicates the amount of
type r fossil energy consumption in producing type n per
unit vehicle material; ¢ indicates the number of vehicle
component; Q, indicates the quality of vehicle components
that need to be replaced during operation and use; E,, indi-
cates fossil energy consumption required to replace vehi-
cle components during operation and use; e indicates the
number of vehicle component that need to be replaced; E;,
E,, respectively, indicate fuel consumption and electricity
power consumption during driving; L is the total mileage;
n, and n, represent fuel and electric energy utilization effi-
ciency, respectively; Qg indicates the quality of the corre-
sponding recycled vehicle components; E; indicates fossil
energy consumption during recycling vehicle components;
E, represents fossil energy recovered from recycled com-
ponents; and f indicates the number of vehicle component
that needed to be recycled.

@ Springer
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Model of carbon emission difference

The carbon emission model mainly calculates the carbon dioxide
emissions of auto parts in the various processes of raw material pro-
duction, parts processing, product manufacturing, operation and use,
and scrap recycling. The modeling process is mainly divided into
two parts: direct and indirect emissions. The details are as follows:

Pp=P,+P, = <PZU_ >an + (le_f>mxn (5)

In the formula, P, P,, and P, respectively, represent total
carbon emissions, direct carbon emissions, and indirect carbon
emissions, respectively; Pz,.,» represents the direct carbon emis-
sions per unit of the jth gas emissions generated when the ith
energy is burned; P J, Tepresents the indirect carbon emissions

of the second gas emissions produced when the unit of energy
is produced; m represents the number of primary energy types;
and n represents the number of types of gas emissions.

The material composition and energy consumption data of the
main components of EREV and BEV are shown in the Appen-
dix Tables 2 and 3. In accordance with the data listed in the table,
two vehicle models are established in GaBi and then analyzed and
calculated.

Results and discussion

Comparison of differences in mineral resource
consumption

Through calculation and analysis, the characteristic results
of the mineral resource consumption of the two vehicles in
the entire life cycle are shown in Fig. 2. In various stages,
the ADP (element) consumption of the EREV in the raw
material acquisition stage is 0.286 kg Sb eq, which is 13.94%
higher than that of the BEV, mainly due to the increase in the
parts of the EREV power system. The range extender group
(engine and generator) must consume additional mineral
resources. Minimal difference is found between the manu-
facturing stage and assembly and operation. In the phase of
scrapping and recycling, the positive benefit of the EREV
is 0.248 kg Sb eq, which is 41.71% more than that of BEVs,
mainly because of the current needs of BEVs. The power
battery has no complete recovery process, and its recovery
efficiency is lower than that of the engine. During the entire
life cycle, the mineral resource consumption of BEVs is
0.184 kg Sb eq, which is 28.67% higher than that of EREVs,
mainly because BEVs must be equipped with higher energy
density power batteries to meet the endurance requirements.
Therefore, additional mineral resources must be consumed.

The mineral resource consumption of each component of the
two vehicles is shown in Fig. 3. In the raw material acquisition
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stage, the EREV consumes more mineral resources of the engine
and generator due to the difference in the power system structure
of the two vehicles, and the mineral resource consumption of
the BEV power battery is the EREV. The motor and electronic
control are respectively 29.23% and 22.27% higher than the
extended range of the car mainly because the battery electric
car is equipped with high-energy—density batteries (43 kWh)
and high power motor (160 kW), to meet the needs of power and
cruising range. The mineral resource consumption of the body
and chassis of the two is not much different, but the body and
chassis of the two account for approximately 41.2-45.8% of the
mineral resource consumption of each vehicle. In the manufac-
turing and assembly stage, the difference in performance is more
evident. The mineral resource consumption of BEVs accounts
for 83.60% of the entire vehicle, whereas that of the EREV
accounts for 37.10%. The main reason is that the manufactur-
ing and assembly process of power batteries requires substantial
mineral resources consumption.

Comparison of differences in fossil energy
consumption

Figure 4 shows the characteristic results of the fossil energy
consumption of the two vehicles during the entire life cycle.
The fossil energy consumption of BEVs in the raw material
acquisition phase is 6.19E + 04 MJ, which is 14.42% higher
than that of EREVs, mainly due to the high quality of the
entire vehicle and the need to obtain raw materials. Consume
more energy, and in the other three stages, the benefits of
BEVs are better than EREVs, especially the fossil energy
consumption in the operation stage. The consumption of
EREVs is 2.73E+05 MJ, which is approximately 2.65 times
that of electric vehicles. In the phase of scrapping and recy-
cling, BEVs have a positive benefit of 4.24E + 04 MJ, which
is 10.42% higher than that of EREVs. In the entire life cycle,
the total fossil energy consumption of EREVs is 3.57E 405,
which is approximately 1.93 times that of BEVs. The results
show that BEVs can effectively reduce the consumption of
fossil energy due to the difference in the power system struc-
ture of the two vehicles. BEVs use the power source as the
power source during operation, whereas EREVs use gasoline
and electric energy as the power source, resulting in the direct
consumption of fossil energy. In addition, EREVs convert two
energy sources, thus increasing fossil energy consumption.
Figure 5 shows the fossil energy consumption of each
component of the two vehicles during the raw material
acquisition and manufacturing and assembly stages. The
components of the two vehicles have differences in the two
stages. Given the difference in the structure of the power sys-
tems of the two vehicles, the range extender group (engine
and generator) consumes more energy in the range extender
electric vehicle. They are 8.81E+03 MJ and 2.46E 4+ 03 MJ.
In terms of power batteries, the consumption of BEVs is
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Fig.2 Mineral resource con-

sumption of EREV and BEV at 4.0E-01 1
different stages. (Note: [—raw 2.86E-01
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Fig.3 Consumption of mineral
resources for the main parts and
components of the two vehicles.
(Note: I—raw material acquisi-
tion stage, Il—manufacturing
assembly stage)
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3.36E+04 MJ and 4.88E 404 MJ, which are 1.92 and 2.03
times that of EREVs, mainly because BEVs are equipped
with high-energy—density batteries. In terms of motors,
BEVs are 29.10% and 29.56% higher than EREVs in the
two phases mainly because they are equipped with more
powerful motors. In terms of electronic control, BEVs are
better than EREVs in the two stages. The car is 22.46% and
22.43% higher. The two cars are not much different in the
body, chassis, and final drive. In terms of fluid and liquid,
the range of EREVs is approximately 2.79 times that of
BEVs in the raw material acquisition stage because EREVs
consume more lubricating oil and coolant for components,
such as engines and generators.

Comparison of carbon emission differences
The CO, emission results of the two vehicles during the

entire life cycle are shown in Fig. 6. The carbon emission
of EREVs is higher than that of BEVs in the raw material
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acquisition stage mainly because the number of parts
(engine + generator) of EREVs is large and is used in the
manufacturing and assembly stage and operation. At this
stage, the carbon emissions of BEVs are 6.24E + 03 kg and
9.29E + 03 kg, which are 6.84% and 58.3% higher than
those of EREVs. On the one hand, it is mainly because
BEVs are equipped with high quality, energy-dense power
batteries increase the quality of the vehicle, and battery
manufacturing and assembly require additional natural gas
and electricity. On the other hand, it consumes substantial
electricity during operation and use, and the proportion
of thermal power in China’s electricity sources is close
to 70%. The proportion of carbon in the power structure
makes BEVs emit more CO, during operation and use.
When scrapped and recycled, BEVs generate a positive
benefit of 2.49E + 03 kg, which is 23.9% higher than that
of EREVs. However, during the entire life cycle, the carbon
emission of BEVs is 1.69E + 04 kg, which is approximately
22.5% more than that of EREVs. Therefore, the quality of

@ Springer



512 Page8of 15

Arab J Geosci (2022) 15:512

Fig.4 Fossil energy consump-
tion of EREV and BEV at
different stages

4.0E+05 1
3.5E+05
3.0E+05 -
2.5E+05 A
2.0E+05

1SE+05 15 41E+04

ADP(f)/MJ

5.0E+04 -_I.
0.0E+00 A

-5.0E+04 A
-1.0E+05

BEVs, especially the quality of power batteries, as well
as the carbon content in China’s power structure, must be
effectively reduced.

Figure 7 shows the CO, emissions and proportions of
the components of the two vehicles during the raw mate-
rial acquisition and manufacturing and assembly stages.
The difference between BEVs and EREVs is evident. In the
raw material acquisition stage, EREVs have more emissions
from the range extender group (617.59 and 162.36 kg). In
terms of power batteries, the emission of electric vehicles is
1769.53 kg, which is 1.92 times that of EREVs. The main
reason is that power batteries consume more raw materi-
als during production, thus increasing carbon emissions. In
terms of motors and electronic control, BEVs emit 395.78
and 404.17 kg, respectively, which are 29.1% and 22.2%
higher than EREVs. The body and the chassis do not dif-
fer greatly. However, in terms of fluid and liquid, the emis-
sion of the EREV is 450.35 kg, which is 5.69 times that of

Fig.5 Fossil energy consump-

tion of the main components of
EREV and BEV. (Note: [—raw
material acquisition stage, II—
manufacturing assembly stage)
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BEVs, because EREVs must consume more materials, such
as engine lubricating oil and coolant. In the manufacturing
and assembly stage, the difference between the two in terms
of power batteries is the most evident. Among them, the
emission of BEVs is 3697.84 kg, which is 2.16 times that of
EREVs. According to the literature, the unit mass of power
batteries must consume 11.7 kWh during manufacturing.
Electricity and 8.8 kWh natural gas (Zhang 2011) consume
2.67 kWh/kg (Li 2014) during the assembly process. There-
fore, larger-mass power batteries need to consume more
electricity and generate more carbon emissions.

Analysis on the difference of energy consumption
and emission under operation mode

Given the difference in the structure of the power systems
of the two vehicles, their operation modes vary. During
the operation of the EREV, the engine does not directly
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Fig.6 Carbon emissions of
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participate in the drive but forms a range extender group
with the generator to supply power to the battery. The oper-
ating mode is mainly divided into pure electric mode and
extended range mode. When the state of charge (SOC) is
above the minimum threshold, it is in the pure electric mode
(that is, the power consumption stage), and the power bat-
tery provides energy to drive the motor and provide driving
power. When the SOC is lower than the minimum threshold,
it is in the extended range mode, that is, the power mainte-
nance stage. The range extender group provides energy to
drive the motor while charging the battery. However, BEV is
only driven by the motor driven by the power battery in the
whole operation process, and only consumes electric energy.
The energy consumption and emissions caused by fuel con-
sumption and electric energy consumption are very different.
Therefore, in the calculation process of energy consumption
and emissions in operation and use stage, according to the
system boundary constructed above, the total fuel consump-
tion and total power consumption of two vehicles in opera-
tion and use stage are calculated, and then, the energy con-
sumption and emissions of two vehicles in operation and use
stage are calculated and analyzed by using the mathematical
model constructed. See the Appendix Tables 2 and 3 for the
fuel economy and energy consumption of the two vehicles
in different operating modes.

The energy consumption and carbon emission analysis
results of the two vehicles in different operating modes are
shown in Fig. 8. EREVs consume a large amount of crude
oil in the extended-range mode mainly because the produc-
tion of gasoline needs to be based on a large amount of crude
oil, and the pure electric mode can effectively reduce the
consumption of crude oil. In the pure electric mode, the

BEREV EBEV

crude oil consumption of EREVs is 283.43 kg, which is
4.06 times that of BEVs, mainly because the power source
of EREVs is the engine. The raw coal consumption of BEVs
during operation is 5231.7 kg mainly because it consumes
substantial electric energy, whereas my country’s electric
energy structure is mainly based on thermal power genera-
tion. At the same time, the combustion of coal also indi-
rectly leads to relatively large carbon emissions, which is
approximately 4.71 times that of electric vehicles. In terms
of natural gas consumption, the consumption of EREVs in
extended-range mode is 515.45 kg, which is approximately
3.16 times that of BEVs in pure electric mode. In pure elec-
tric mode, the consumption of BEVs is approximately 7.4
times that of a programmed electric car. Overall, compared
with BEVs, EREVs can effectively reduce the consumption
of fossil energy, such as crude oil and natural gas, but con-
sume more raw coal.

Comparison with other literature results

The results of this study were compared to findings com-
ing from similar studies. This is shown in Fig. 9 where it is
observable that the order of magnitude of the carbon emis-
sions produced for the life cycle BEV per km is similar for
all the studies considered. Tagliaferri et al. (2016) consid-
ered two different manufacturing inventories for the BEV;
the carbon emission results of life cycle BEV are 120 g CO,
«km™" and 110 g CO, « km™!, respectively. This is similar
to the values calculated for the BEV in this study. Although
they studied the carbon emission of the life cycle of the
extended range electric vehicle (considering hybridization
factors as 90%), there is no inventory and carbon emission

@ Springer
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Fig.7 Carbon emissions of the main components of EREVs and BEVs. (I—raw material acquisition stage, [l—manufacturing and assembly

stage)

calculation of the motor, generator, main reducer, body,
chassis and fluid of the extended range electric vehicles, and
no comparison of energy consumption and carbon emission
under different operation mode. These two studies reported
that the manufacturing phase was a significant burden of
the total carbon emissions of a BEV and it was comparable
to the use phase; meanwhile, the manufacturing of power
battery is the main reason for the high carbon emission in
the manufacturing process of BEV (Tagliaferri et al. 2016;
Evangelisti et al. 2017). Similar conclusions are obtained in
this study. Carbon emission during the manufacturing and
use stage of BEV is 6240 kg and 9290 kg CO, (see Fig. 6),
and carbon emission of the manufacturing battery accounts
for 59.1% of the manufacturing of BEV. The comparative
analysis shows the same trend between EREV and BEV,
supporting the results obtained by this study.

Conclusions

In order to explore the difference between EREV and BEV,
life cycle assessment methods are used and corresponding
mathematical evaluation difference models are established.
Meanwhile, mineral resources consumption, fossil energy
consumption, and pollution emissions are selected as com-
parative evaluation indexes. In addition, energy consump-
tion and pollution emission of two vehicles under different

@ Springer

operation modes are compared based on the structural dif-
ferences of two power systems. The main conclusions are
as follows:

(1) In terms of mineral resources consumption, the num-
ber of EREV and BEV are 0.143 kg Sb and 0.184 kg
Sb, respectively, from life cycle perspective. EREVs
consume more mineral resources than BEV during raw
material acquisition stage due to the increase in the
component of the EREV power system. In detail, body
and chassis account for approximately 41.2-45.8%
of the mineral resource consumption of each vehicle.
Therefore, the lightweight body and the application of
new materials in automobiles can help reduce mineral
resources consumption.

(2) In terms of fossil energy consumption, the number of
EREVs is about 1.93 times that of BEVs from life cycle
perspective. From the perspective of each main com-
ponent, BEVs are 1.92 and 2.03 times that of EREVs
in the raw materials acquisition and manufacturing
and assembly stages for power batteries. Therefore,
battery manufacturing and processing technologies
must be improved to reduce energy consumption in the
manufacturing and assembly stage in order to further
increase the energy-saving effect of BEVs.

(3) Interms of carbon emissions, the number of BEVs is
approximately 22.5% higher than that of EREVs due
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to the high quality of BEVs and the high proportion
of carbon content in China’s power sources. From the
perspective of each main component, the emissions of
BEVs are 1.92 times and 2.16 times that of EREVs in
the raw material acquisition and manufacturing and
assembly stages for power batteries. Therefore, pro-
moting clean energy power generation and researching
high-specific energy and low-quality power batteries
are critical to the emission reduction effect of BEVs.

(4) In different operating modes, compared with BEVs,
crude oil and natural gas consumption of EREV is 4.06
times and 3.16 times of that of BEV respectively. How-
ever, raw coal consumption is significantly higher than
that of BEVs. Therefore, the promotion of BEVs can
effectively reduce crude oil and natural gas consump-
tion. EREVs have great advantages in reducing raw
coal consumption and carbon emissions.

A comparative analysis of energy saving and emission
reduction of BEVs and EREVs in the entire life cycle is
conducted to future improve the application of LCA in
China in the field of new energy vehicles in this study. An
in-depth research on the main components is conducted to
clarify the energy consumption and carbon emissions of
each component and eventually determine the key influ-
encing factors. Thus, a reference is provided for the for-
mulation and research on the energy saving and emission
reduction of China’s new energy vehicles and technical
route promotion in this study. However, it is not consid-
ered that the impact of the dynamic change process of
China’s energy structure on the energy-saving in detail
and emission-reduction effects of the two vehicles in the
future. Further research can be conducted to clarify the
energy-saving and emission-reduction effects of electric
vehicles.
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Table 3 Operating modes and main parameters of EREVs and BEVs

Vehicle type Fuel economy Fuel economy

Pure electric  Pure oil mileage/ Total mileage/km Power Fuel

in pure elec- in extended mileage/km  km consumption/L  consumption/L
tric mode/(L, range mode/ or kW e h
kWeh)e(100 km)™!  Le(100 km)™

EREV 2.50 6.36 14,700 135,300 150,000 367.5 8605.08

BEV 11.8 / 150,000 150,000 17,700 /
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