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Abstract
Promoting the development of electric vehicles (EVs) is regarded as an important measure to ensure energy security, mitigate
climate change, and solve the transport sector’s air pollution problems. Nowadays, compared to gasoline vehicles, whether the
EVs are more competitive in terms of cost is still a question. There is no consensus achieved since the total cost depends on the
development stage of the automobile industry and power generation structure as well as the cost accounting boundary. Many of
existing studies did not include the costs occurred in all the stages. In response to this concern, this study estimates the lifecycle
cost covering the whole process of production, use, disposal, and infrastructure construction as well as externalities for passenger
battery electric vehicle (BEV), fuel cell vehicle (FCV), and gasoline vehicle (GV) by applying the comprehensive lifecycle cost
model to China. The results indicate that in 2018, BEV and FCV were more expensive than GV (1.2–5.3 times), but that BEV
will become cheaper after 2025, and its cost advantage will be enlarged to $419 (5%) compared to GV by 2030. The lifecycle cost
of FCVwill be $527 (or 5%) lower than that of GV by 2030. These results clarify that the costs of vehicle production account for
the largest proportion in the total lifecycle cost.
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Abbreviations
BEV battery electric vehicle
CO2 carbon dioxide
CRC coal reforming with CCS
EV electric vehicle

FC fast charging
FCV fuel cell vehicle
IBP industrial byproduct purification
ICE internal combustion engine
ICEV internal combustion engine vehicle
GV gasoline vehicle
HOP high oil price
LOP low oil price
NOx nitrogen oxides
PM2.5 particular matter with a diameter of less than 2.5 μm
REE renewable energy electrolysis water
SC slow charging
SO2 sulfur dioxide
VOCs volatile organic compounds

Introduction

Increasing travel demands and petroleum’s dominance of the
fuel structure (92%) are rapidly increasing the energy demand
and carbon emissions of the global transport sector (Li and Yu
2019; Yu et al. 2017). In 2019, China’s crude oil dependence
reached 71%, exceeding the international warning line (50%)
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(EV100 2020). Additionally, carbon emissions from petro-
leum consumption reached 1.5 Gt, accounting for 16% of
China’s energy-related carbon emissions in 2018
(CarbonBrief 2019; IEA 2019b). Vehicles accounted for
42% of the total consumption of crude oil and more than
80% of refined oil (iCET 2019). Emissions from fossil fuel
vehicles are also the major source of air pollution in China.
For example, PM2.5 emissions from the vehicles in cities like
Beijing and Shanghai have contributed 20–50% of the cities’
total PM2.5 (MEE 2018). Automobile stocks are projected to
reach 530–623 million units by 2050 (Shen et al. 2014). With
this increase, energy security and environmental pollution is-
sues may become increasingly prominent (Wang et al. 2017;
Zhao et al. 2019). It is thus necessary to reduce the prevalence
of fossil fuel vehicles and shift towards clean-fuel vehicles.

Promoting the development of electric vehicles (EVs) is
regarded as an important measure to ensure energy security,
mitigate climate change, and solve the transport sector’s air
pollution problems (Liu et al. 2020; Peng et al. 2018; Zhao
et al. 2020). Vehicle electrification has rapidly increased in
recent years (IEA 2020). Some countries, including the
USA, Japan, Germany, Norway, and China, have set aggres-
sive EV targets (Crabtree 2019), and several countries and
regions have announced plans to phase out internal combus-
tion engine vehicles (ICEVs) (iCET 2019). China has set am-
bitious targets for developing electric vehicles.

Although the purchase costs of EVs are higher than that of
the equivalent ICEVs (Hagman et al. 2016), EVs’ advantages
regarding energy saving, environmental friendliness, and low
operation cost should not be neglected, especially in countries
that lack petroleum and need to solve environmental issues
(Zhao et al. 2015). Until now, the cost competitiveness of EVs
compared to ICEVs has been widely disputed, but no consen-
sus has been achieved since the total cost is related to the
development stage of the vehicle industry, the power genera-
tion structure, and the cost-accounting boundary. However,
most of previous studies, for example, Ahmadi and Kjeang
(2017), Hao et al. (2017), and Zhao et al. (2015), that have
been conducted thus far have only considered partial costs
rather than costs covering all life stages of the vehicles. This
makes comparisons of the costs of different types of vehicles
less informative. Thus, it is essential to construct a compre-
hensive and systemic lifecycle cost model to evaluate and
compare the costs of different types of EVs and ICEVs. This
study attempts to develop a comprehensive lifecycle cost
model for comparing the costs of different types of passenger
vehicles in China and find the development roadmap for the
vehicle industry. This study selected EVs and ICEVs as the
research object and used China as the empirical context. The
remainder of this paper is organized as follows: the “Literature
review” section provides a literature review, the “Methods and
data” section presents the methods and data used in the study,
the “Results and discussions” section contains the results and

discussions of the analysis, and the “Conclusions and policy
implications” section presents conclusions and policy
implications.

Literature review

Many studies, such as Ruffini and Wei (2018), Sun et al.
(2010), Hao et al. (2017) and so on, have examined and
discussed the costs associated with passenger vehicles.
Several studies have considered the costs that occur during
vehicle production and vehicle use as well as external costs
such as the emission costs of carbon dioxide and air pollutants.
Some of them have stated that EVs were more expensive than
gasoline-based ICEV (GVs), but such conclusion would
change with the changes in battery lifetimes, annual driving
kilometers, battery learning rate, and power grid structures.
Ruffini and Wei (2018) found that the cost of battery electric
vehicles (BEVs) and fuel cell vehicles (FCVs) was higher than
that of ICEVs.With an 18% increase in fuel cell learning rates,
FCV was estimated to become cost competitive compared
with ICEV by 2025, but this turning point would be postponed
by almost 25 years with an 8% fuel cell learning rate. Sun et al.
(2010) proposed that the externalities could reduce the buy-
down cost (the cumulative investment needed to bring FCVs
to lifetime cost parity with GVs) by $10 billion relative to the
reference case. Ahmadi and Kjeang (2017) presented similar
conclusions, asserting that the cost of Canada’s FCV was
approximately $2,100 more costly than that of the equivalent
GV in 2015. However, the study argued that the prospective
enhancements in fuel cell durability could potentially reduce
the cost of FCV, making FCV cheaper than GV. Zhang and
Han (2017) and Hao et al. (2017) found that the cost of EVs
was impacted by China’s electricity mix. The former conclud-
ed that the cost competitiveness of EVwas weaker than that of
hybrid electric vehicle in the current electricity mix; and the
latter found that the cost of BEV would be lower than that of
ICEV by 2020 with the improvement of the electricity mix. A
similar study from Zhao et al. (2015) indicated that the cost of
BEVs was 1.4 times of that of ICEVs in 2014 and predicted
that the cost of BEVs would be lower than that of ICEVs after
2030. Few scholars found the social lifecycle cost (including
carbon dioxide and air pollutant emissions) of EVs to be lower
than that of ICEVs (Rusich and Danielis 2015).

Thus far, few studies have considered the infrastructure
costs in their evaluations of the costs of vehicles (Bekel and
Pauliuk 2019; Lipman 2000), though the inclusion of such
costs is reasonable. Bekel and Pauliuk (2019) indicated that
the cost of BEVs is lower than that of FCVs ($81,392 VS.
$153,687) considering the three stages of vehicle production,
vehicle use, and infrastructure. Lipman (2000) found that the
cost of FCVs will be less than that of low-emission GVs by
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2026 when infrastructure- and emissions-related costs as well
as production and use costs are considered.

So far, most studies conducted on this topic have not con-
sidered the cost of all stages in the lifecycle of vehicles. All
stages include vehicle production, vehicle use, vehicle dispos-
al, infrastructure construction, and externalities, such as the
emissions of carbon dioxide and air pollutants. This omission
makes the comparison of the costs of different types of vehi-
cles less informative. Thus, it is essential to estimate the
lifecycle cost of different types of vehicles. Besides, we find
that there is limited study investigating the cost of FCV in
China. Further, the existing analysis have not reflected the real
situation of China’s FCV industry enough (Cai et al. 2012;
E4tech 2019). Thus, this study attempt to improve upon the
basis of previous studies by (a) building a comprehensive
lifecycle cost model to estimate the lifecycle cost of different
types of EVs and ICEVs and (b) using industry information to
replace the parameters of certain individual vehicle models,
which make the results more reasonable and representative. In
addition, another possible contribution is our sensitivity anal-
ysis for five of the most important factors to ensure the results
are more reliable.

Methods and data

Goal and scope definition

This study aims to compare the costs of different types of
passenger vehicles in China by using a lifecycle cost model,
and the findings are expected to provide suggestions for coun-
tries in their construction of a roadmap for the development of
passenger vehicles. Lifecycle cost model is an important
method for evaluating the total cost of a product or a system
over its given lifetime (Bekel and Pauliuk 2019). EVs include
BEVs and FCVs, while ICEVs only refer to GVs. In Table 1,

the vehicle categories adopted for LCA are Toyota Corolla
luxury (ICEV), Nissan Leaf (BEV), and Toyota Mirai
(FCV). We selected these reference vehicles because they
are among the best-selling models in their subindustries and
have similar parameters as well as driving experience.
However, in order to conform with China’s reality, we made
several revisions for these parameters of three types of vehi-
cles in accordance with the industrial average level in China
(Table 10). The revised parameters include vehicle efficiency,
fuel price, battery capacity/power, battery unit cost, the unit
cost of vehicle maintenance, emission factor of battery
manufacturing and fuel consumption, and the price of carbon
dioxide and air pollutants (see detailed parameters in
Tables 10, 11, 12, 13, and 14, Tables 2 and 3, Fig. 1). The
function unit in this study is 150,000 km.

The assessment boundary of the lifecycle cost model used
in this study includes the stages of infrastructure construction,
vehicle production, vehicle use, vehicle disposal, and the ex-
ternal environmental costs (Fig. 2). Infrastructure includes
gasoline stations, charging stations, and hydrogen refueling
stations; vehicle production includes material production,
parts manufacturing, vehicle assemble, and vehicle distribu-
tion; vehicle use includes the extraction, processing, transmis-
sion, and consumption of the fuel and vehicle maintenance
(Wang et al. 2013); vehicle disposal includes basic vehicle
disposal and battery disposal; and external costs include the
emission costs of battery manufacturing and fuel
consumption.

Considering the uncertainty of battery capacity and power,
we further categorized BEVs and FCVs into two types. In this
regard, our study includes five vehicle models: (1) GV; (2)
BEV with a 48-kWh lithium-ion battery which refers to the
top-selling EVs in China in 2018 (BEV48); (3) BEV with a
75-kWh lithium-ion battery which refers to the prediction of
IEA (2018b) for 2030 (BEV75); (4) FCV with a 60-kW fuel
cell which refers to the sample vehicle and future predictions

Table 1 Vehicle and battery parameter.

ICEV BEV FCV

Vehicle

Curb weight (kg) 1350 1545 1850 Bekel and Pauliuk (2019), Nissan (2019), Toyota (2019)

Lifetime mileage (km) 150,000 150,000 150,000 Hao et al. (2017), Yang et al. (2020)

Lifetime (year) 10 10 10 Wang et al. (2020)

Fuel consumption Detailed parameter in Table 10

Battery

Type NMC* Fuel cell IEA (2018a), SAE-China (2017)

Storage capacity (kWh or kg H2) 40 5 Bekel and Pauliuk (2019), Dongfang Securities (2019a)

Charging efficiency 90% Miotti et al. (2017)

Replacement per lifetime 0 0 Nealer et al. (2015)

*NMC is the abbreviation of nickel-cobalt-manganese battery.
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in China (SAE-China 2017) (FCV60); and (5) FCV with a
120-kW fuel cell which refers to the prediction of SAE-
China (2017) for 2030 (FCV120).

Lifecycle inventory analysis

Infrastructure

China’s gasoline station stocks were composed of 100,000
units in 2018, and this was only increased by 4,500 units
between 2010 and 2018 less than 5% of the total stocks
(QZIRI 2019). Further, the equipment cost of gasoline stations
is much lower than that of charging station and hydrogen
refueling station. Thus, we assume that the marginal cost of
gasoline stations is 0 (Wanlian Securities 2019). The cost of
charging stations and hydrogen refueling stations includes in-
vestment and maintenance cost. The investment cost here only
considers the purchase cost of equipment, while the mainte-
nance cost is equal to 5% of the investment cost (Bekel and
Pauliuk 2019). The lifetime of charging stations is considered
to be 10 years (Bekel and Pauliuk 2019).

Charging station includes several charging piles. Charging
piles are divided into ACCP andDCCP (see detailed feature in
Table 4). This study assumes that one charging station has five
direct current charging piles (DCCP) and ten alternating cur-
rent charging piles (ACCP) (EV100, NRDC 2019). Electric
vehicles can be charged through slow or fast charging. There
are three types of slow charging, which use a single-phase AC
outlet. They include (1) the connection of EV to the AC line
using standard stream sockets, (2) a special cable via electron-
ic device function driver control and protection, and (3)
connecting to the AC power network using a computer
(Martínez-Lao et al. 2017). In China, the first type of slow
charging is the most prevalent (EV100, NRDC 2019).
Considering the difficulty of data acquisition, we consider

only one slow recharging mode. Fast charging uses a single-
phase or three-phase AC outlet. The stock, price, and invest-
ment costs of charging stations (piles) and hydrogen refueling
stations from 2018 to 2030 (Table 5 and Table 6) were ob-
tained from the report of National Development and Reform
Commission of China (NRDC) and Dongfang Securities.
Hydrogen refueling stations are divided into on-site produc-
tion and central production, and global hydrogen production is
now mainly from central hydrogen refueling stations.
Hydrogen refueling stations have a lifespan of 20 years
(Ruffini and Wei 2018).

Vehicle production

Vehicle production includes the production of basic vehicle
and traction batteries. The basic vehicle includes the glider

Table 3 Unit cost prediction of fuel cell stack.

2018 2020 2025 2030 Unit Source

221 118 29 $/kW SAE-China (2016)

40 30 $/kW Plotkin et al. (2009)

662 221 118 29 $/kW This paper
Fig. 1 Change tendency of fuel price in different scenarios (a gasoline; b
electricity; c hydrogen) (CHA 2019; CPKB 2018; EIA 2014; Hao et al.
2017; IEA 2019a; Xiao 2018).

Table 2 Unit cost prediction of lithium-ion battery.

2018 2020 2025 2030 Unit Source

147 132 118 $/kWh SAE-China (2017)

145 131 116 $/kWh Hao et al. (2017)

110 87 62 $/kWh BNEF (2019)

186 110 87 62 $/kWh This paper
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containing all components that are common for three vehicle
types, the internal combustion engine (ICE), and the
powertrain system. The largest difference among the three
types of vehicles is the traction batteries which are chosen as
the major research object in this section (Qiao et al. 2019).

(1) Basic vehicle production

We obtained the cost of different parts of the three types of
basic vehicles (excluding traction batteries) between 2018 and
2030 from Bekel and Pauliuk (2019) and Miotti et al. (2017).

This study assumes that the glider cost of GV, BEV, and FCV
is the same and the powertrain system cost of BEV and FCV is
the same in different years (Table 7).

(2) Traction battery production

Since the lead-acid battery in GVs is only used to start the
engine and power accessories and its capacity is very small,
our study did not consider the cost of lead-acid batteries
(Nealer et al. 2015). BEV usually relies on much larger
lithium-ion batteries to power the vehicle itself. With the de-
velopment of lithium-ion battery technology, NMC batteries

Fig. 2 Lifecycle cost assessment boundary.
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are gradually dominating the battery market. Moreover,
lithium-ion batteries are expected to continue to be the best
choice for EVs in the next decade, while other cutting-edge
battery technologies may not be available for commercial use
until 2030 (IEA 2018a). In this regard, our study only consid-
ered NMC battery costs (Table 2). Fuel cell stack is the main
power of FCVs, and its cost is very high (Table 3). Currently,
FCVs have adopted a hybrid powertrain system (i.e., hydrogen
fuel cell and battery) to ensure the durability of fuel cells and
reduce vehicle costs (SAE-China 2016). The data from the fuel
cell passenger vehicles across the globe shows that the battery
capacity of FCV is 1.6–24 kWh andmost batteries are lithium-
ion batteries (CATRC 2017). This study assumes that the bat-
tery type used in FCVs is NCM and its capacity is 5 kWh.

Vehicle use

The costs of vehicle use include fuel consumption costs and
maintenance costs. Fuel costs include the cost of mining, re-
fining, and transport; and maintenance costs include the fees
related to insurance, license, registration, tax, and repair.

(1) Fuel costs

We used the market price to represent the cost of gasoline
and electricity. China’s gasoline prices are adjusted by the
government, which imposes higher taxes than other countries.
The gasoline prices in China are assumed to be 40% higher
than the EIA estimation based on historical data (Hao et al.

2017). In reference to the prediction of presented by EIA
(2014), we obtained the change tendency of gasoline costs
under high oil price (HOP) and low oil price (LOP) scenarios
(Fig. 1a). The charging modes are divided into slow charging
(SC) and fast charging (FC), which use residential electricity
price and industrial electricity price plus charging service fees
(under the level of 10 kV), respectively (NDRC 2014). In
2018, the average electricity price of the residential and indus-
trial markets are $0.076/kWh and $0.085/kWh, respectively,
in China (CPKB 2018). Following the examples from Hao
et al. (2017) and Xiao (2018), we assume that the electricity
price will continue to increase at an annual rate of 2.7% from
2018 to 2030 and the charging service fee will be 0 in 2030,
declining from $0.12/kWh in 2018. The change tendency of
electricity price is shown in Fig. 1b.

Hydrogen costs include three components: production,
storage, and transport costs. There are currently three ways
to produce hydrogen in China: (1) coal reforming with CCS
(carbon capture and storage) (CRC), in which coal is convert-
ed into syngas by gasification technology and then treated by
water gas shift separation to improve the purity of hydrogen.
In order to control the carbon emissions, CCS technology is
used for hydrogen production (IEA 2019a). (2) industrial
byproducts purification (using coke oven gas) (IBP). This
technology is mainly distributed in the iron and steel and
chemical industries. China is the largest coke producer in the
world. Part of coke oven gas can be used for pressure swing
adsorption purification technology to produce high-purity hy-
drogen (CHA 2019). (3) renewable energy electrolysis water

Table 5 Investment cost of
charging station (CEEP-BIT
2021; Dongfang Securities
2019b; EV100, NRDC 2019;
SAE-China 2017; SAE-China
2018).

EV stock
(million units)

Stock of charging pile
(million units)

Price of ACCP/DCCP
($/kW; $/unit)

Total investment cost
(billion $)

2018 2.61 0.81 61.8; 441.2 1.0

2020 4.92 1.57 54.4; 294.1 2.2

2025 26.09 14.36 30.9; 117.6 9.8

2030 80.00 80.00 30.9; 117.6 24.4

Table 4 Feature comparison of
direct current and alternating
current of charging pile
(Dongfang Securities 2019b;
EV100, NRDC 2019).

ACCP DCCP

Charging mode Transmit alternating current
by connecting the car charger

Direct to charge for storage battery
by direct current

Input voltage 220 V 380 V

Output voltage 220 V 200–700 V

Charging power <10 kW 30–120 kW

Charging time 8–15 h 20–150 min

Feature Small volume, small power, slow
charging, low effect for battery
degradation

Large volume, large power, fast
charging,
high effect for battery degradation

Application
scenarios

Public parking, private parking Public parking
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(REE), which is an electrochemical process that splits water
into hydrogen and oxygen. The production cost is greatly
affected by electricity price, which accounts for more than
70% of the total cost. With declining costs for renewable
electricity, the development potential of hydrogen production
from REE will be huge in the future (CHA 2019). According
to IEA (2019a), CHA (2019), and IRENA (2019), the costs of
hydrogen production under the CRC, IBP, and REE scenarios
in 2018 were $1.5/kg, $2.4/kg, and $2.9/kg, respectively.
However, it was expected that these cost will change to
$2.2/kg, $1.5/kg, and $2.8/kg in 2030, respectively. The cost
of transport and storage is important for the competitiveness of
hydrogen. Hydrogen is commonly stored in its gas, liquid, or
solid forms. This study only considers high-pressure gas stor-
age because it is currently the most mature technology. The
transport modes of high-pressure hydrogen include tube trailer
and pipeline. Tube trailer transport is an important method of
short-distance (<200 km) transmission. This technology is
mature, and the cost is $0.3/kg (CHA2019). Pipeline transport
is more suitable for large-scale and long-distance (>500 km)
transmission. Its advantage is large-scale transport with low-
energy consumption and low costs ($0.04/kg) (CHA 2019).
Hydrogen transport is now dominated by tube trailer, and the
pipeline method will become mainstream with the increasing
demand of long-distance transmission from 2025. The cost of
different hydrogen production modes is shown in Fig. 1c.

(2) Maintenance costs

Maintenance costs are defined as non-fuel costs during ve-
hicle operation, including fees related to insurance, license, reg-
istration, taxes, and repair (Hao et al. 2015). However, the

insurance, license fee, registration fee, and taxes are influenced
by vehicle owners and regions in which the vehicles are driven
(Miotti et al. 2017); hence, these fees were excluded in this
study. The maintenance cost of BEV and FCV is lower than
that of ICEV because these types of vehicles do not require the
replacement of engine oil, spark plugs, mufflers, and brake pads
(Hagman et al. 2016; Ruffini and Wei 2018). The maintenance
cost is determined by the maintenance cost per km, annual
driving kilometers, and vehicle lifetime. Our study assumes that
the maintenance cost per km is constant. According to Hao
et al. (2017), the maintenance cost for GV, BEV, and FCV is
$0.011/km, $0.003/km, and $0.009/km, respectively.

Vehicle disposal

Vehicles have three disposal channels when they reach the end of
their service lives : reuse, recycle, or landfill (Nealer et al. 2015).
Most vehicles still have residual value when they have been used
for 10 years. For instance, most parts of GVs can be used in other
fields, while the batteries of BEVs and FCVs can be used in other
applications—for example, storage for intermittent renewable
energy sources such as solar and wind. Therefore, our study
assumes that vehicles still have residual value at the end of their
lifetime. Nowadays, GV’s residual value can be evaluated, but
EV’s residual value is difficult to evaluate because the majority
of EVs are still on the road—i.e., they have not yet been retired
(Nealer et al. 2015). Li (2019) indicated that the residual values
of BEV and GV are 9% and 16% of the vehicle production cost,
respectively. Thus, it is assumed that the residual value ratio of
GV, BEV, and FCVwere 16%, 9% and 9%, respectively. There
is much potentials to reduce the costs of emerging fuel cell tech-
nologies. In order to make the evaluation of residual value more

Table 7 Parts cost of three types of basic vehicles in China (Bekel and Pauliuk 2019; Miotti et al. 2017).

Vehicle types GV BEV FCV

Year 2018 2020 2025 2030 2018 2020 2025 2030 2018 2020 2025 2030

Glider ($) 7500 6765 5000 3824 7500 6765 5000 3824 7500 6765 5000 3824

ICE ($) 3529 3088 2353 1765

Powertrain ($) 5441 4706 3235 2206 5441 4706 3235 2206

Total ($) 11029 9853 7353 5589 12941 11471 8235 6030 12941 11471 8235 6030

Table 6 Investment cost of
hydrogen refueling station (CHA
2019; FUA 2019; SAE-China
2017; SAE-China 2018; Wanlian
Securities 2019).

FCV stock
(thousand units)

Stock of hydrogen refueling
station (unit)

Investment cost
(million $/unit)

Total investment cost
(million $)

2018 3.4 23 2.2 51.5

2020 8.0 100 2.1 205.9

2025 100 300 1.6 494.1

2030* 1000 1000 0.9 1102.9

*The investment cost of hydrogen refueling station in 2030 refers to the Germany’s level in 2025.
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reasonable, we used the unit cost of fuel cells after 10 years to
replace the current costs before 2025.

External cost

External cost is the economic loss from the emissions of
vehicle production and use. These include the cost of
accidents, air pollution, climate change, noise, and con-
gestion (Jochem et al. 2016). This study mainly focuses
on the emissions of CO2, VOCs, NOX, PM2.5, and SO2

from battery manufacturing and fuel consumption in
China. The detailed parameters are shown in Tables 11,
12, 13, 14, 15, and 16.

Lifecycle cost assessment

Lifecycle cost assessment is defined as an economic method
that adopts a structured approach to address all the different
costs of the “project” over the given period with all the
potential cost during its lifetime (Zhao et al. 2019). By con-
sidering all the costs incurred during the stages of produc-
tion, use, and disposal of vehicle, this analytical process
helps economic decision-makers to select the most cost-
effective alternative investments or projects (Yang et al.
2021). Typically, lifecycle cost consists of only vehicle pro-
duction, vehicle use (include maintenance expenditures and
fuel cost), and vehicle disposal. However, considering the
increasing demand for a type of vehicles, additional infra-
structure are required, and meanwhile during the lifecycle of
vehicles, many externalities may occur (e.g., emissions that
are not good for the environment). Consequently, for a more
comprehensive comparison on the cost between ICEVs and
EVs, our study added the cost of infrastructure and external
cost into the accounting boundary. The detailed information
of the model is shown in Fig. 2.

As mentioned above, the lifecycle cost of vehicles can be
divided into five categories: infrastructure construction costs,
vehicle production costs, vehicle use costs, vehicle disposal
costs, and external costs. The net present value of overall
lifecycle cost for each vehicle was estimated using the follow-
ing formulas. All the parameters are listed in Table 8. As Eq.
(1) shows, cost is discounted to the base year (2018) and
annualized by assuming that cash flows occurred at the begin-
ning of each year. All monetary figures are given in real values
in 2018, unless otherwise specified. The exchange rate used
for US Dollars is 1USD2018 = 6.8 CNY2018 (Zhao et al. 2015).
The real discount rate is assumed to be 5% in this study
(Newbery and Strbac 2016).

LCC j ¼ I j þ Pj þ U j−Dj þ E j

1þ rð Þ j−k ð1Þ

The infrastructure cost includes equipment costs and main-
tains costs. The infrastructure cost per vehicle is calculated as
follows:

I j ¼
N j � Ce; j þ Cm; j

� �

S j
ð2Þ

The vehicle production cost includes basic vehicle produc-
tion (including the glider, ICE, and powertrain) cost and bat-
tery production cost. The production cost of ICEV includes
the cost of glider and ICE. The production cost of BEV and
FCV includes the cost of the glider, powertrain, and battery.
The vehicle production cost is calculated as follows:

P j ¼ Cbasic; j þ Cbattery; j ð3Þ
Cbasic; j ¼ Cglider; j þ CICE; j þ Cpower; j ð4Þ
Cbattery; j ¼ Cbat; j � Qj ð5Þ

The vehicle use costs include fuel consumption costs and
maintenance costs. The vehicle use cost is calculated as follows:

Uj ¼ ∑ jþn
t¼ j

D� C f ; j � Pf ;t þ D� Cm
� �

1þ rð Þt− j ð6Þ

The vehicle disposal cost is determined by the vehicle pro-
duction cost (basic vehicle and battery cost) and disposal val-
ue ratio.

Dj ¼
Cbasic; j þ Cbattery; j
� �� R

1þ rð Þn ð7Þ

The external cost of the vehicle is the emission cost from
fuel consumption and battery manufacturing. The formula is
shown as follows:

E j ¼ E f ; j þ Eb; j ð8Þ

Ef ; j ¼ ∑5
i¼1∑

jþn
t¼ j

D� Cf ; j � FFf ;i � Pj;i

1þ rð Þt− j ð9Þ

Eb; j ¼ ∑5
i¼1Qj � FBj;i � Pj;i ð10Þ

Lifecycle costs are influenced by different factors. In
order to reveal the uncertain impact of different factors on
the result, we conduct sensitivity analysis, which indicates
that the sensitivity of the result was in relation to various
key factors. In this study, we only considered five of the
most important factors: annual driving kilometers, battery
unit cost, vehicle efficiency, carbon price, unit maintenance
cost, and residual value ratio. In each simulation of the
lifecycle cost impact, one of the factors increases by
20%, while the other factors are fixed. We choose 2030
as the reference scenario.
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Fig. 3 Change tendency of
infrastructure construction cost.

Table 8 Summary of key terms in
the model. Parameter Unit

LCCj Lifecycle cost of vehicle in the jth year $

r Real discount rate %

j The goal year, which includes 2018, 2020, 2025, and 2030 Year

k The base year, which is 2018 in this study Year

t Time Year

n The vehicle lifetime Year

D Annual driving kilometers of vehicle km

R Disposal value ratio of vehicle %

Ij Infrastructure cost in the jth year $

Pj Vehicle production cost in the jth year $

Uj Vehicle use cost in the jth year $

Dj Vehicle disposal cost in the jth year $

Ej Vehicle external cost in the jth year $

Nj The number of infrastructure in the jth year

Ce,j Net present value of equipment cost in the jth year $/unit

Cm,j Net present value of maintenance cost in the jth year $/unit

Sj Stock of BEVs or FCVs in the jth year

Cbasic,j Cost of basic vehicle production in the jth year $

Cbattery,j Cost of battery production in the jth year $

Cglider,j Production cost of glider in the jth year $

CICE,j Production cost of ICE in the jth year $

Cpower,j Production cost of powertrain in the jth year $

Cbat,j Unit cost of battery production in the jth year $/kWh; $/kW

Qj Battery capacity or fuel cell power in the jth year kWh; kW

Cf,j Fuel consumption per km in the jth year L/km; kWh/km; kg/km

Pf,t Fuel price in the tth year $/L; $/kWh; $/kg

Cm Maintenance cost per km $/km

i Different types of emissions

Ef,j Emission cost from fuel consumption in the jth year $

Eb,j Emission cost from battery manufacturing in the jth year $

FFj,i Emission factor of different types of fuels in the jth year g/L; g/kWh; g/kg

FBj,i Emission factor of emissions from battery manufacturing in the jth year g/kWh; g/kg

Pj,i Price of emission i in the jth year $/t; $/kg
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Results and discussions

This section discusses the results of the model in terms of the
cost of various vehicle parts, including infrastructure costs,
vehicle production costs, vehicle use, vehicle disposal costs,
and external costs. Through this process, the lifecycle cost of
vehicles was finally obtained, and sensitivity analyses were
conducted for the main vehicle parameters.

Cost analysis of various parts of vehicles

In this section, we analyze and compare the cost differences of
various parts of GVs, BEVs, and FCVs from 2018 to 2030.

Infrastructure cost

Fig. 3 shows the change tendency of the infrastructure cost per
vehicle and the unit cost of infrastructure. From 2018 to 2030,
the charging station cost per BEV is likely to decline to $176
from $411, while the hydrogen refueling station cost per FCV
may decline to $254 from $7,600. The charging station cost
per BEVwill be lower than the hydrogen refueling station cost
per FCV, but the decline rate of the charging station cost will
be slower than that of hydrogen refueling stations because
charging station technology is predicted to be more mature
than hydrogen refueling station technology. At the same time,

the unit cost of charging stations will decrease by 87%, which
is higher than that of hydrogen refueling stations (78%).

Vehicle production costs

Fig. 4 compares the production costs of five vehicle models.
From 2018 to 2030, the production cost of FCV120 is much
higher than that of the other vehicle models because the fuel
cell technology is immature, which results in a high cost for
FCV. As fuel cell technology improves, the ratio that fuel cell
accounts for in the cost of vehicle production gradually de-
clines, while the cost difference between FCV and the other
vehicle models gradually narrows. For example, in 2018 and
2030, the production cost of FCV120 is 88% and 45% higher
than that of GV, respectively, meaning that the rate of the
decline of FCV is faster than that of GV. In all types of vehicles,
the production costs of GV and FCV are the lowest and highest
before 2030, respectively, while the production cost of BEV75
is $441 (or 4%) higher than that of FCV60 in 2030. This dif-
ference is caused by the cost of the traction battery of BEV75,
which is 6% higher than that of the fuel cells of FCV60.

Vehicle use costs

Fig. 5 shows the use cost of different types of vehicle models
under different scenarios. This study assumes that the unit main-
tenance cost for the different BEV and FCVmodels is same. The

Fig. 4 Contribution of different parts for production cost of five vehicle
models. Note: Different parts cost is normalized to the cost of FCV120 in
the corresponding year. The x-axis represents the production cost of

different vehicle types from 2018 to 2030. The y-axis represents the
percentage of different parts of vehicles accounting in the FCV cost in
same year. The unit of the second line in the x-axis is thousand $.
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use cost of GV is much higher than that of BEV and FCV. In
2018, the use cost of GV under the HOP scenario and FCV120
under the REE scenario was $9,836 and $4,219, respectively.
The former’s cost is 2.3 times that of the latter. By 2030, the use
costs of the two vehicle models will decline to $4,115 and
$1,582, respectively, while the difference in use costs will ex-
pand to 2.6 times because the rate at which hydrogen cost de-
cline is faster than that of gasoline. The use costs of BEV under
the SC scenario are lower than that of FCV from 2018 to 2030.
The use cost of BEV under the FC scenario is higher than that of
FCV under the CRC and IBP scenarios from 2018 to 2020 and
is only higher than that of FCV under the IBP scenario after
2020 because the high charging service cost leads to the high
electricity use cost under the FC scenario before 2025 (Fig. 1b).

Vehicle disposal costs

Fig. 6 compares the residual value of vehicles from2018 to 2030.
In 2018 and 2020, the residual value of BEV75 was highest
among all vehicle models because the retired large-capacity bat-
tery has higher residual value. However, in the same year, the
residual value of FCV60 is the lowest among all vehicle models
due to the immaturity of fuel cell technologies. In 2025 and 2030,
the residual value of FCV is higher than that of BEV75 because
retired fuel cells can be used in household microgeneration. We
also find that the residual value of GV declines slightly. From
2018 to 2030, the residual value of BEV75 declines by 68%
while GV’s residual value declines by 49%.

External costs

Table 9 compares the external costs of three types of vehicles.
The external cost of BEV and FCV includes the emission cost
of CO2 and air pollution from fuel consumption and the bat-
tery manufacturing process, while the external cost of GV
only includes the emission cost of fuel consumption. The ex-
ternal cost of BEV is much higher than that of GV due to the
higher emission cost of battery manufacturing. However, if
only fuel consumption is considered, the emission cost of
BEV is lower than that of GV. From 2018 to 2030, the exter-
nal cost of FCV is the lowest in three types of vehicles ex-
cluding the IBP scenario. The external cost of BEV is higher
than that of FCV in 2018 and 2020, while the external cost of
BEV48 is lower than that of FCV under the IBP scenario in
2025 and 2030. Further, we find that the emission cost of
battery manufacturing from FCV is lower than that of BEV.

Lifecycle cost analysis

Fig. 7 compares the lifecycle costs of different types of vehicle
models in different scenarios. In 2018 and 2020, the lifecycle
cost of GV and FCV are the lowest ($15,726–$ 19,409) and
highest ($31,933–$103,193) in all vehicle models, respective-
ly. In 2025 and 2030, the lifecycle cost of GV is the lowest
($8,220–$11,371) under the LOP scenario, while the lifecycle
cost of FCV120 is the highest ($11,191–$21,372) in all vehi-
cle models. Regarding the ratio of production costs accounting

Fig. 5 Vehicle use cost of different types of vehicle models in different scenarios. Note: LOP, low oil price; HOP, high oil price; SC, slow charging; FC,
fast charging; CRC, coal reforming with carbon capture and storage; IBP, industrial byproduct purification; REE, renewable energy electrolysis water.
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for the lifecycle costs, BEV (84–89%) and FCV (82–90%) are
much higher than that of GV (52–54%) because EV has lower
operation costs and higher production costs. By 2030, the ratio
of GV’s production cost accounting for the lifecycle cost will
be increased to 56–61%, while BEV and FCV will remain
almost unchanged. This is because the production costs of
EV have been sharply reduced with the development of bat-
tery technologies, while the total cost is also obviously
reduced.

In 2018 and 2020, the lifecycle costs of BEV and FCV
were much higher than that of GV. The lifecycle cost of
BEV48 under the SC scenario is the lowest, while the lifecycle
cost of FCV120 under the REE scenario is the highest in all
vehicle models. In 2018, the lifecycle cost of BEV48 under
the SC scenario is $4,429 (or 24%) higher than that of GV
under the LOP scenario and is $3,456 (or 18%) higher than
that of GV under the HOP scenario; the lifecycle cost of
FCV120 under the REE scenario is $84,757 (or 4.6 times)
higher than that of GV under the LOP scenario and is
$83,784 (or 4.3 times) higher than that of GV under the
HOP scenario. In 2020, the lifecycle cost of BEV48 under
the SC scenario is $1,642 (or 10%) and $591 (or 3%) higher
than that of GV under the LOP and HOP scenarios, respec-
tively; the lifecycle cost of FCV120 under the REE scenario is
$28,947 (or 1.8 times) and $27,896 (or 1.7 times) higher than
that of GV under the LOP and HOP scenarios, respectively. In
2025, the lifecycle cost of BEV will be lower than that of GV
for the first time. The lifecycle cost of BEV48 under the SC
scenario will be $14 (or 0.1%) lower than that of GV under the
HOP scenario and be $989 (or 9%) higher than that of GV
under the LOP scenario, respectively. In 2030, the lifecycle
cost of BEV48 under the SC scenario will be $419 (or 5%)
lower than that of GV under the HOP scenario and be $323 (or
4%) higher than that of GV under the LOP scenario, respec-
tively. Meanwhile, the lifecycle cost of BEV48 under the FC

scenario will be $316 (or 4%) lower than that of GV under the
HOP scenario. In 2025 and 2030, the difference between FCV
and GVwill be gradually narrowing; the lifecycle cost of FCV
will be at least $120 (or 1%) higher than that of GV.

It is estimated that the lifecycle cost of all types of BEVwill
be lower than that of FCV before 2025. In 2018, the lifecycle
cost of FCV60 under the CRC scenario was $33,232 (or
113%), which was the lowest in all scenarios but higher than
that of BEV75 under the FC scenario. In 2025, the difference
between FCV and BEV will be gradually narrowing; the
lifecycle cost of FCV60 under the IBP scenario will be
$2,011 (or 13%) higher than that of BEV75 under the FC
scenario. In 2030, the lifecycle cost of FCV60 is lower than
that of BEV75; the lifecycle cost of FCV60 under the IBP
scenario will be $419 (or 4%) and $527 (or 5%) which will
be lower than that of BEV75 under the SC and FC scenarios,
respectively.

Sensitivity analysis

We further conduct a sensitivity analysis by evaluating the
effect of a 20% increase in the key parameters (see Fig. 8).
The annual driving kilometers, battery unit cost, carbon price,
and unit maintenance cost have a positive impact on lifecycle
costs. The vehicle efficiency and residual value ratio have a
negative impact on the lifecycle costs. GV is found highly
sensitive to annual driving kilometers, while BEV and FCV
are found highly sensitive to battery unit cost. Three types of
vehicles are found to have low sensitivity to carbon price.
Thus, we conclude that the cost competitiveness of BEV and
FCV will be improved as the annual driving kilometers in-
crease and battery unit cost decreases. The price of carbon has
slight influence on the lifecycle cost because the ratio of ex-
ternal cost in lifecycle cost is less than 3%.

Fig. 6 Comparison of vehicles’
residual value from 2018 to 2030.
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Conclusions and policy implications

To clarify whether EVs are cheaper than GVs, this study
adopts the lifecycle cost method to investigate the cost of

different types of passenger vehicles in China, extending the
existing research to cover all the life stages of vehicles, includ-
ing vehicle production, use, disposal, infrastructure construc-
tion, and external costs.

Fig. 7 Lifecycle cost comparison of different types of vehicle models in different scenarios. Note: x-axis represents the five vehicle models in different
scenarios; Net LCC=infrastructure construction cost + vehicle production cost + vehicle use cost − vehicle disposal cost + external cost.

Table 9 External cost
comparison of three types of
vehicles.

Vehicle
types

Scenarios 2018 2020 2025 2030

Bat
($)

Fuel
($)

Bat
($)

Fuel
($)

Bat
($)

Fuel
($)

Bat
($)

Fuel
($)

GV 351 307 248 175

BEV48 313 242 193 226 144 177 99 131

BEV75 489 270 301 242 224 188 155 138

FCV60 CRC 52 91 36 88 27 74 20 56

IBP 52 328 36 331 27 300 20 235

REE 52 62 36 60 27 52 20 40

FCV120 CRC 71 91 52 88 39 74 31 56

IBP 71 328 52 331 39 300 31 235

REE 71 62 52 60 39 52 31 40

Note: Bat represents the emission cost of battery manufacturing; Fuel represents the emission cost of fuel
consumption in the process of vehicle operation.
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We can draw the following conclusions from the results of
this study: (1) currently (in 2018), our study indicates that
FCVs have the highest lifecycle cost, followed by BEVs and
then GVs; (2) in the future (from 2020 to 2030), the lifecycle
cost of small-battery BEVs will be cheaper than that of GVs
under part scenarios after 2025; the lifecycle cost of FCVs will
be higher than that of GVs; and the lifecycle cost of low-
power FCVs will be higher than that of large-battery BEVs
before 2030.

The cost of vehicle production accounts for the largest pro-
portion in the total lifecycle cost. For GVs, the ratio of pro-
duction costs account for 57–68% of the total lifecycle costs,
while the glide cost accounts for 68% of the total production
cost from 2018 to 2030. For BEVs and FCVs, the ratio of
production costs accounts for 89–97% of the total lifecycle
cost and 73–92% from 2018 to 2030, respectively. The battery
cost accounts for 21–52% and 26–76% of the total production
cost of BEVs and FCVs, respectively.

This study also provides implications regarding the im-
provement of the cost competitiveness of EVs. First, keep-
ing the technology updated will reduce costs. For exam-
ple, the battery costs of EVs should be lowered by im-
proving battery energy density and decreasing the battery
capacity/power used in passenger vehicles. Second, for the
market, the government should encourage the development
of small-sized BEVs from 2025 to 2030 and low-power
FCVs after 2030. Lastly, in order to realize the green
development of the vehicle industry, the government

should consider offering proper subsidy or incentive po-
lices to enhance the competitiveness of EVs.
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Appendix

Table 10 Relevant parameter of
different vehicle types in China
(Bekel and Pauliuk 2019;
CATRC 2018; iCET 2019; IEA
2018a; Miotti et al. 2017; SAE-
China 2017).

Year Vehicle
models

Engine
power
(kW)

Motor
power
(kW)

Energy/power
density (kWh/
kg; kW/kg)

Vehicle
efficiency
(L/km; kWh/
km; kg/km)

Battery
capacity/fuel
cell power
(kWh/kW)

Weight
(battery/
fuel cell)
(kg)

2018 GV 81 0.058

BEV48 80 0.16 0.138 48 300

BEV75 80 0.16 0.154 75 469

FCV60 113 1.5 0.01 60 40

FCV120 113 1.5 0.01 120 80

2020 GV 81 0.05

BEV48 80 0.25 0.133 48 192

BEV75 80 0.25 0.143 75 300

FCV60 113 2 0.009 60 30

FCV120 113 2 0.009 120 60

2025 GV 81 0.04

BEV48 80 0.28 0.121 48 171

BEV75 80 0.28 0.129 75 268

FCV60 113 2.5 0.008 75 30

FCV120 113 2.5 0.008 60 24

2030 GV 81 0.032 120

BEV48 80 0.35 0.11 48 137

BEV75 80 0.35 0.116 75 214

FCV60 113 3 0.007 60 20

FCV120 113 3 0.007 120 40

Note: The efficiency of BEV48 and FCV60 use average data from the industry. BEV75 is given more weight than
BEV60 due to the differences in battery capacity; the efficiency of BEV75 is lower than that of BEV60.
According to Wang et al. (2019), vehicle efficiency will improve by 6–8% (this study assumes that the value
is 7%) when vehicle weight is reduced by 10%. Thus, we obtained BEV75 efficiency in different years. Because
the increasing weight of FCV120 is fewer than that of FCV60, we assume that the efficiency of FCV120 and
FCV60 is the same.

Table 11 Emission factor of
lithium battery manufacturing in
China (CATRC 2018; Kim et al.
2016; SAE-China 2017).

CO2 (kg/kWh) VOCs (g/kWh) NOX (g/kWh) PM2.5 (g/kWh) SO2 (g/kWh)

2018 88 54 253 113 801

2020 56 35 162 72 513

2025 50 31 144 65 458

2030 40 25 115 52 366
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