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Life cycle environmental impact
assessment for battery-powered
electric vehicles at the global
and regional levels
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Haohui Wu?, Yuchen Hu?, Kai Huang®, Lei Liu®, Lai Chen%3 & Yuefeng Su?3

As an important part of electric vehicles, lithium-ion battery packs will have a certain environmental
impact in the use stage. To analyze the comprehensive environmental impact, 11 lithium-ion battery
packs composed of different materials were selected as the research object. By introducing the life
cycle assessment method and entropy weight method to quantify environmental load, a multilevel
index evaluation system was established based on environmental battery characteristics. The
results show that the Li-S battery is the cleanest battery in the use stage. In addition, in terms of
power structure, when battery packs are used in China, the carbon footprint, ecological footprint,
acidification potential, eutrophication potential, human toxicity cancer and human toxicity noncancer
are much higher than those in the other four regions. Although the current power structure in China
is not conducive to the sustainable development of electric vehicles, the optimization of the power
structure is expected to make electric vehicles achieve clean driving in China.

The transportation industry is developing rapidly and plays a particularly important role in economic and social
development'. At the same time, it also consumes many fossil fuels and causes serious environmental pollution®.
IEA (2019) reports that approximately one-third of global CO, emissions are caused by the transport sector>*. As
the world’s largest carbon dioxide emitter, China has had to deal with serious energy and environmental problems
in recent years®. To alleviate the huge energy demand and environmental pressure in the global transportation
industry, the electrification of the transportation sector is considered one of the key measures to reduce the
emission of pollutants®-®. Therefore, the development of clean and sustainable energy vehicles, especially electric
vehicles (EVs), has become a promising choice in the automotive industry®.

In this context, in September 2001, new energy vehicles were included in the national "863" plan, after which
the "major science and technology project of EVs" was launched, marking the start of China’s EV research and
development. Since the 12th Five-Year Plan (2010-2015), the Chinese government has decided to promote the
use of EV's to make travel cleaner. However, the severe economic crisis has left all countries facing the problems
of an energy crisis, rising fossil fuel prices, high unemployment and rising inflation, which affect the mental-
ity of society, people’s spending power and government decision-making. Therefore, people’s recognition and
acceptance of EVs is not high, which hinders the early market diffusion of EVs'. This comes at a time when the
Chinese government has rolled out a series of policy measures and financial incentives to promote the develop-
ment of EVs'!. Since 2013, China has implemented a policy of subsidizing EV purchases'?. From January 1, 2021,
to December 31, 2022, new energy vehicles purchased will be exempted from the vehicle purchase tax. In the
short term, government measures such as subsidies to narrow the price gap and the development of charging
infrastructure will boost EV’ consumption'?.

In recent years, the sales and ownership of EVs and fuel vehicles in China are have been shown in Fig. 1. It can
be seen that the sales and ownership of EVs in China are on the rise, especially in the past two years. In contrast,
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Figure 1. Sales and ownership of EVs and fuel vehicles from 2018 to September 2022.

the fuel car sales continue to decline, and the growth trend of ownership slows down. In other words, with the
guidance of regulations and the awakening of environmental awareness, the shift in sales of conventional fuel
cars is the opposite of that of EVs, and the popularity rate of EVs is increasing rapidly”!*. Currently, lithium-ion
batteries (LIBs) are the first choice in the EV field due to their advantages of light weight, great performance, high
energy density and high output power'>~'°. Additionally, LIBs, as the main technology in battery energy storage
systems?, also have great potential for energy sustainability and significant reductions in carbon emissions®’.

In the process of promotion, EVs are sometimes considered to be zero-emission vehicles, but their produc-
tion and use of battery packs will have a great impact on the environment. Therefore, recent studies have focused
more on the environmental benefits of EVs?. There is much research on the three stages of EVs: production, use
and recycling. For example, Feng et al.>* took the three most widely used lithium nickel cobalt manganese oxide
(NCM) batteries and lithium iron phosphate (LFP) batteries in the EV market in China as the research object,
and conducted a specific analysis of the three stages of power battery production, use and recycling based on
life cycle assessment (LCA). The result shows that LFP batteries have better environmental performance than
NCM batteries under overall conditions, but the energy efficiency in the use phase is inferior to NCM batteries,
which have greater recycling value.

For the production stage, Hao et al.* estimated GHG emissions from the production of LIBs in China by
establishing a LCA framework. For the three types of most commonly used LIBs: the LFP battery, the NMC
battery and the LMO battery, the GHG emissions from the production of a 28 kWh battery are 3061 kg CO,-eq,
2912 kg CO,-eq and 2705 kg CO,-eq, respectively.

For the use phase, Zeng et al.”> used BYD Qin Pro series models in China as an example to compare the envi-
ronmental impact of pure BEVs and plug-in hybrid EVs with traditional internal combustion engine vehicles.
The result shows that compared to the gasoline ICEV, BEVs and plug-in hybrid EV's driven by the current average
power structure in China reduce global warming potential by 23% and 17%, respectively.

For the recovery and reuse stage, Koroma et al.?® conducted a LCA for three different scenarios combined
with battery recycling and found that recycling reduced the climate impact of EVs by almost 8%, with human
toxicity and mineral resource scarcity reduced by approximately 22% and 25%, respectively. Yang et al.”” used
LCA to study the environmental feasibility of reusing waste LIBs in communication base stations. The results
show that in all selected categories, the secondary use of EV LIBs has less environmental impact than the use
of lead-acid batteries.

EVs are being called "zero-emission" vehicles, but there is a new argument for that common belief. Pure EV's
have no direct greenhouse gas emissions in the use process, but their environmental burden will be indirectly
transferred to the power structure. That is, the power structure of charging is an important factor affecting each
environmental index. In addition, there are almost no articles that have conducted a separate study on the use
stage of EVSs, so it is necessary to analyze their driving state on the road. Finally, more valuable advice is needed
on how the electricity structure can be adjusted to get closer to "zero emissions" on the road. Therefore, the
environmental impact of battery packs in the use stage is worth further study. From this point of view, this study
focuses on the impact of battery use and establishes an LCA integrated environmental system.

In this work, based on footprint family, resource depletion and toxic damage indicators, 11 types of EV bat-
tery packs and five regions were selected to evaluate the environmental burden of different types of LIBs, and to
measure the superiority of battery pack categories and the importance of power network structure. In addition,
a dimensionless environmental characteristic index was established to assess the comprehensive environmental
impact of the battery pack. The results showed that the Li-S battery is the cleanest battery in the use stage. In
addition, the electrical structure of the operating area is an important factor for the potential environmental
impact of the battery pack. In terms of power structure, coal power in China currently has significant carbon
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footprint, ecological footprint, acidification potential and eutrophication potential. Although the current power
structure in China is not conducive to the sustainable development of electric vehicles, the optimization of the
power structure is expected to make electric vehicles achieve clean driving in China.

Methods

Due to the different power structures in different regions, the decarbonization capacity of the power sector is not
consistent, and the environmental impacts are also discrepant. In the use stage, this work assumes that the EV
travels in five different regions to analyze the influence of regional power structure on the environmental charac-
teristics of the battery pack. Compared with other models, the mini-car has the characteristics of smaller battery
capacity, less energy demand, miniaturization and convenience, which is suitable for short distance driving and
conducive to promotion. Therefore, this study only explored the comprehensive environmental impact of mini
EVs (the mini-car weighs 1100 kg, the battery capacity is 17.7 kWh, and the energy demand is 96.8 Wh km™).

LCA method. Asa scientific method to evaluate the energy demand and the emissions associated with prod-
ucts’ life cycles®, LCA has been widely used in product environmental characteristic analysis and decision sup-
port. LCA is divided into four stages: objective and scope determination, inventory analysis, evaluation impact
analysis and results, and interpretation or optimization of evaluation results®. In this study, the footprint family,
resource depletion and toxic damage of EV battery packs were evaluated comprehensively by the LCA method.

In this study, 11 kinds of batteries were selected as research objects to analyze their environmental impact
under the power structure in 5 regions. The scope of the study is the EV use process, which does not involve the
production of the car and battery but only the process of charging the battery and running the car on the road.
A certain distance was taken as the evaluation unit of the environmental impact of the battery. When the EV
of different batteries travels the same mileage, their respective battery capacity is different. The power comes
from the electric energy that the EV absorbs while charging. That power, in turn, comes from energy sources
such as coal, nuclear or hydropower. Therefore, it can be seen that a certain driving distance, under the support
of different batteries, can correspond to their respective power. Therefore, we define the functional unit as the
distance traveled per unit.

Since the commonly used commercial battery pack types are LFP and NMC, two kinds of LFP (according
to the different compositions and proportions of LFP cathode materials), three kinds of NMC (according to
the different composition ratios of the three active materials of nickel, cobalt and manganese and the different
proportions of cathode materials) and two kinds of NMC batteries combined with nanoanode materials (silicon
nanowires and silicon nanotubes) were selected. In addition, one kind of battery pack with LMO as a positive
active material, one kind of composite cathode material battery containing LMO and NMC and two kinds of
LIBs containing sulfur were also selected. Therefore, the research objects of this study were eleven different types
of LIB packs, including LFP,-C*, LFPy-C31, NMC-C3, NMCy,,-C*°, NMC;;;-C?2, NMC-SiNT?3, NMC-SiNW?>4,
LMO-C*, LMO/NMC-C*, Li-S$* and FeS,SS.

Battery packs can be divided into four categories according to their components, namely LFP, NMC, LMO
and LMB. Specific information:

LFP: LFP,-C, lithium iron phosphate oxide battery with graphite for anode, its battery pack energy density
was 88 Wh kg™ and charge—discharge energy efficiency is 90%; LFP,-C, lithium iron phosphate oxide battery
with graphite for anode, x and y only represent different battery types, its charge—discharge efficiency is 95%
and electricity consumption is 15 kWh per 100 km.

NMC: NMC-C, lithium-nickel manganese cobalt oxide (LiNi,Mn,Co () O,) coupled with a graphite anode
material, its charge—discharge efficiency is 99% and electricity consumption was 13 kWh per 100 km; NMC,,,-C,
lithium-nickel manganese cobalt oxide (LiNiy,Mn,,Co,,0,) coupled with a graphite anode material, battery
pack energy density is 112 Wh kg™ and charge—discharge energy efficiency is 90%; NMC,,-C, lithium-nickel
manganese cobalt oxide (LiNij 33Mn, 33C0,330,) coupled with a graphite anode material, its energy capacity is
26.6 kWh and battery efficiency is 95% to 96%; NMC-SiNT, lithium-nickel manganese cobalt oxide (LiNi,Mn,Co
(1x-y) O2) coupled with a silicon nanotube anode material, its gravimetric energy density is 199 Wh kg™ and
charge—discharge efficiency is 90%; NMC-SiNW, lithium-nickel manganese cobalt oxide (LiNi,Mn,Co ;)
0,) coupled with a silicon nanowire anode material, the battery pack has a total weight of 120 kg and energy
capacity of 43.2 kWh.

LMO: LMO-G, lithium manganese oxide (LiMn,0,) coupled with a graphite anode material, the battery
weight is 300 kg and the battery capacity was 34.2 kWh; LMO/NMC-C, lithium manganese oxide coupled with
a graphite anode material (LiMn,0, and LiNi, ,Mn, 4Co,,0,), the nominal capacity of which is 11.4 kWh and
can to be used for approximately 140,000 km of driving;

LMB: Li-§, lithium metal coupled with elemental sulfur, its total energy capacity is 61.3 kWh and charging
efficiency is 95%; FeS,SS, solid-state lithium battery with iron sulfide (FeS,) for cathode; lithium metal for the
anode; and lithium sulfide (Li,S) and phosphorous pentasulfide (P,Ss) for solid-state electrolyte, its specific
capacity of 182 Wh kg™! and energy capacity is 80 kWh.

Studies assessing the environmental impacts of LIBs assume total driving distances between 150,000 km and
200,000 km?*, In this study, it is assumed that the EV’s battery has a serves range of 180,000 km, and no replace-
ment of batteries is considered during the use period. The boundary range of the study is the use stage of the
battery pack, so the functional unit is determined to be 1 km, that is, the environmental impact of the power
battery pack in the use stage is calculated based on the unit running distance. The basic scenario parameters
are listed in Table 1.
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Life cycle phase | Parameters Base case

Battery charging efficiency | 95%
Efficiency of the charger 96%

Weight-energy relationship | 30%*°
Lifetime (km) 180,000%

Table 1. The basic scenario parameters in the use stage.

Power structure and operation calculation of the power battery pack in the use phase. Inthe
operation phase, the regional analysis emphasizes the difference in the influence of different power combina-
tions on the analysis results. Therefore, in the use of EV battery packs, the power supply structure will affect the
environmental emissions to a large extent. The regions of the use stage of EV are determined in five regions for
analysis, including Global, China, Japan, Europe and the US.

In the use stage, the power loss of the battery (to provide power for EV transportation), the extra power
required by the vehicle to transport the battery, and the energy consumed during the vehicle operation were
considered. The battery usage process is calculated based on the assumptions of the base scenario (Table 1).

Power loss (ELyp,) due to battery charging efficiency:

ELpe = Dy X CELgyy X (1 — nc) (1)

where ELy, represents the power loss caused by battery charging, kWh; D, is the mileage of the electric vehicle,
km; and CEL gy, represents EV’s power consumption per kilometer, kWh km™5c is the efficiency of a battery, %.
Extra power (EL,,) from the transportation of battery:

EL. = Wy /W, x CEL,, X CELgy,/nc X D, 2)

where EL,, represents the extra power required to transport the battery, kWh; W}, is the weight of the battery
pack, kg; W, is the weight of the EV, kg; and CEL,, represents the direct relationship between energy consumption
and battery transport (weight-energy ratio: 30% in the base scenario), %.

The energy consumed (ELu)during battery life is:

EL, = CAp, x INT(D,/D,) 3)

where Elu represents the energy consumed during battery life, kWh; CA, is battery pack capacity, kWh; and D,
stands for the mileage of EV in a cycle, km charge™.

The energy in the use stage of the battery pack consists of power loss, extra power and power consumption.
The frame diagram of the use phase and electricity generation structure in different regions in 2018 are shown
in Fig. 2.

According to the above formula, the total electric energy consumed by electric vehicles in the driving stage
is calculated, and then fed into Simapro software. According to the power structure of different regions, the
three-level index value of emissions in the power generation process can be calculated.

Comprehensive environmental assessment indicators. In this study, by referring to domestic and
foreign literature, 11 groups of representative three-level indicators were selected and divided into three groups
of second-level comprehensive indicators: resource depletion, footprint family and toxic damage. The compre-
hensive environmental assessment index is shown in Fig. 3.

Calculation of index weight.  To evaluate the environmental characteristic of the battery pack as a whole,
a comprehensive index, namely, the environmental characteristic index, was constructed on the basis of the
second-level indicators, such as footprint family, resource depletion and toxic damage.

In the multi-index evaluation system, it is often inconvenient to compare and analyze the indexes because
of the different units, dimensions and orders of magnitude of each index. Unified data processing can prevent
different dimensions of the main indicators from affecting the evaluation results. As seen from the indicators
of the comprehensive environmental evaluation system constructed, the indicators in the system are all reverse
indicators, and the positive standardized formula is:

max X,‘j — X,'j
1<Kikn
Zij = P (4)
max X;; — min Xj;
1<Kikn 1<Kikn

In the formula, X represents the original data of the jth third-level index of the ith battery. i stands for differ-
ent types of power packs (i=1,2...11). j is the category of index data (j=1, 2 ... 11). Z;; is the standardized value
of the jth index of the ith type battery. Among them, the value of Z;; ranges from 0 to 1. The larger the value is,
the better the data of this indicator will be.

The entropy weight method is an objective weight method. In the specific process of use, the entropy weight
of each index is calculated by using information entropy according to the degree of data dispersion of each index,
and then the entropy weight is modified according to each index to obtain a relatively objective weight of the
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Figure 2. The frame diagram of the use phase and electricity generation structure in different regions in 2018
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Figure 3. Comprehensive environmental assessment index.

index. Entropy is used to measure the disorder degree of the system, as well as the effective information carried

by the data, to determine the weight value of the index. If the information entropy of the index is smaller, it

means that the variation degree of the index value is larger, and the information provided by the index is more,

so it should play a greater role in the comprehensive evaluation, and the weight is higher. In this study, the

introduction of weight did not change the basic research method, but sorted out the calculation results of LCA,

to conduct an overall analysis of the battery pack environmental impact and make the results more accurate.
The information entropy of a set of data is:
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Sj= —ln( ) ZP,jlnPy (5)

where P;j = Zl 1er’ if P =0, 11m P,JlnP,J =0
The corresponding weight of] the indicator is:
15
Ji= m_sm Sj (6)

where §; is the information entropy of a set of data and y; is the corresponding weight of the indicator.

The entropy weight method is used to calculate the weight of each environmental index. Figure 4 shows
the indicator combinations and their weight values of global regional environmental characteristic indicators.

Among the 11 third-level indicators, the weight value of the carbon footprint is the largest and that of POFP
is the smallest, indicating that carbon footprint is one of the important reference indexes of environmental
performance in the environmental impact assessment of battery packs.

The 11 impact indicators are the reflection of the battery emission potential in their respective fields. The
environmental characteristic index reflects the comprehensive environmental impact of the battery pack in the
use stage, that is, the cleanliness degree of the 11 impact indicators on the overall environmental condition. The
higher the environmental characteristic index, the smaller the negative impact of the battery pack on the natural
environment, that is, the cleaner the driving process. The calculation method of the environmental characteristic
index is as follows:

m
Ei=Y_yZ ?7)
j=1

where E; is the environmental characteristic index of the ith battery pack.

Discussion and results

During the use stage of mini cars, the potential values of footprint family, resource depletion and toxic damage
of all battery packs in the same area did not change significantly in the use stage. Therefore, the average value
of each indicator of 11 kinds of batteries was taken for interregional comparison. In the use stage of the basic
scenario, the environmental impact values of the footprint family, resource depletion, toxic damage generated
by the battery pack of the mini model in the five regions are shown in Fig. 5.

Footprint family influence at the battery pack use stage. Asshown in Fig. 5a, EVs could indirectly
cause different degrees of environmental impact due to the discrepancy in driving areas. The global average
environmental impact value could be used as a reference standard to evaluate the environmental performance
of vehicles in the use stage between regions. The Mini models in China and Japan could produce high carbon
footprint (CF) and ecological footprint (EF) influence values, which were higher than the global standard. In
contrast, the impact values of CF and EF generated in the European region were the lowest, which indirectly
indicated that the use of EVs in China and Japan was not environmentally friendly. The reason was mainly due
to the different regional power structures. For example, the coal power generation ratio in China was the highest
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Figure 4. Indicator combinations and their weight values of global regional environmental characteristics
indicators.
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Figure 5. Footprint family, resource depletion, toxic damage influence value of mini vehicle battery pack in the
use stage.

among the five regions, at 66.54%, and the amount of greenhouse gases produced was higher than the global
average. The regional patterns of EF and CF of the battery pack were similar. Therefore, China and Japan should
optimize the power structure to further reduce greenhouse gas emissions.

In terms of the water footprint (WF), the only country with a lower global impact was Japan, while other
countries or regions were above average in terms of water consumption, especially Europe and the US. This was
mainly because nuclear power accounts for approximately one-fifth of the electricity mix in Europe and the US,
compared with 10.15% globally. It could be speculated that the coal generation in the power structure could
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exert an influence on the CF and EF of the battery pack in the use stage. The nuclear structure could affect the
EF of the battery pack during usage.

The impacts of resource depletion during battery pack usage. As seen in Fig. 5b, the influence
values of resource depletion indexes varied among different regions, and there was no consistency between small
indexes. The battery pack of mini models running in China had the lowest value of abiotic depletion potential
(ADP), while the battery pack of Japan had the highest value, indicating that China had better environmental
performance in terms of ADP. In Japan and the US, the proportion of natural gas power generation was between
35 and 37%, higher than that in the other three regions, while it was only 3.28% in China. The proportion of
natural gas power generation was similar to the influence value of ADP generated by EVs in the five regions.
Therefore, it was speculated that natural gas generation in the power structure could affect the ADP of the bat-
tery pack during the running phase.

In different regions, the values of acidification potential and eutrophication potential generated by EV battery
packs were consistent in regularity. The acidification potential (AP) and eutrophication potential (EP) values in
China showed the highest state, while those of Europe were the lowest. Therefore, EVs in Europe and the US had
better environmental performance in terms of acidification potential and eutrophication potential. For the power
structure, China with a high coal power generation structure produces high acidification potential and eutrophi-
cation potential values, so it was speculated that coal power generation in the power structure could increase
the acidification potential and eutrophication potential generated by the battery pack in the operation stage.

The ozone depletion potential (ODP) was close to the global average in China and the US, and the region
with the highest value of ODP was Japan. The photochemical oxidant formation potential (POFP) value of EV's
in Europe was the highest, which was quite low in the US. Affected by the law of environmental impact in each
region, it was difficult to determine the real power generation structure leading to ozone depletion and photo-
chemical oxidation, which might be the result of the synergistic effect of multiple power generation structures.
Among the resource depletion indexes, the EV running in different regions had disparate environmental poten-
tial, and the values of acidification potential, eutrophication potential, ODP and POFP in the US were lower
than the global average. In other words, the actual resource consumption of EVs in the transportation sector in
the US was lower than the global average, which was most likely due to the relatively balanced power sources in
the electric power structure of the US.

Toxic damage effect of battery packs in the use stage. In the running stage of the basic scenario, the
environmental impact value of toxic damage generated by the battery packs of the mini model in the five regions
is shown in Fig. 5¢c. The variation trend of human toxicity cancer (HTC) and human toxicity non-cancer (HTN)
in different regions was consistent, and the impact value of HTN in the corresponding assessment battery pack
was 6-8 times higher than that of HTC on average. In the running stage, the EV battery packs of the mini model
had the highest HTC and HTN impact value in China, but the lowest in Europe. For ecotoxicity (ETX), the
conclusions were quite different. In the transportation sector, the actual ETX generated by EV's in Japan during
operation could reach twice the global average value, belonging to the region with the highest ETX value, which
was the lowest in China.

Influence of the environmental characteristics of the battery pack in the use stage.  According
to the indirect environmental influence of the electric power structure, the environmental characteristic index
could be used to analyze the environmental protection degree of battery packs in the vehicle running stage. The
results showed that there was little difference in the environmental characteristic index of different areas, and the
distribution law was roughly the same when different battery packs are assembled. The environmental character-
istic index of EV's with different battery packs in different areas is shown in Fig. 6.

The environmental characteristic index is a positive index; the greater the value is, the better its environmental
performance. Li-S battery pack was the cleanest, while LMO/NMC-C had the largest environmental load. The
more electric energy consumed by the battery pack in the EVs, the greater the environmental impact caused
by the existence of nonclean energy structure in the electric power composition, so the lower the environmen-
tal characteristics. In general, the battery pacK’s environmental characteristic index was sorted from large to
small: Li-S, NMC-SiN'T, FeS,SS, NMC-C, NMC-$iNW, NMC,,,-C, NMC,,,-C, LFP,-C, LFP,-C, LMO-C, LMO/
NMC-C.

From the point of view of battery composition, the two LMB types of batteries have the highest environmental
characteristics index (At the top of the list are Li-S batteries, with FeS,SS coming in third.), that is, it is the most
clean and green during the use stage. This is mainly because such batteries have a higher energy density and a
smaller weight for the same capacity, allowing them to consume less power on the road. In addition, NMC-SiNT
has a higher mass energy density than FeS,SS. It can also be seen from Fig. 6 that the comprehensive environ-
mental characteristic index of NMC-SiNT is greater than FeS,SS. In general, the mass energy density of NMC
batteries is higher than that of LFP batteries, which is also the case in this paper. Therefore, the environmental
characteristic indexes of LFP,-C and LFP,-C batteries are smaller than that of NMC batteries. Then, the com-
parative analysis of NMC battery shows that from the perspective of positive electrode, the molar ratio of nickel,
manganese and cobalt components of NMC,,,-C and NMC,,,-C are different. Among them, NMC,,, C has a
higher nickel content than NMC111-C, resulting in a higher energy density and cleaner environmental impact.
From the perspective of anode, the battery components of NMC-SiNT, NMC-C, NMC-SiNW three kinds bat-
teries are different. NMC-SiNT uses silicon nanotubes as the negative electrode, NMC-C uses carbon as the
negative electrode, and NMC-SiNW usessilicon nanowire as the negative electrode of the battery, which makes
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Figure 6. Environmental characteristic index of EVs with different battery packs in different areas.

three batteries have different environmental characteristics. Finally, LMO batteries have the lowest environmen-
tal characteristic index,especially LMO/NMC-C, that is, they have the lowest environmental protection value.

Development trend of the power structure in China. In the past year, the global energy transition
and energy shortage had been accompanied by each other. Countries around the world had tried their best
to coordinate green and low-carbon energy development and energy supply. According to the Clean Energy
Administration, the global demand for fossil fuels will peak within a few years, and the current energy crisis
could be a turning point for clean energy development, accelerating the clean energy transition. The new trend
of electric power development in China is shown in Fig. 7. The share of coal power installed in China is expected
to drop from 49 percent in 2021 to 31 percent in 2025, which also follows a green and low-carbon transition.
Therefore, clean transformation is the inevitable direction and the international trend of future energy develop-
ment, and it is also the only way for China to change its high-carbon power supply structure.

Before 2020, power generation in China was dominated by coal which resulted in excess capacity for coal
power generation and serious pollution. From 2021-2030, coal power will still play a basic role in coal conver-
sion, electric heating supply and so on. Between 2031 and 2050, coal power will be simply an "adjustive power
supply”. With the goal of reaching the “carbon peak by 2030 and carbon neutral by 2060”, China will accelerate

= Hydroelectric

Green and low-carbon Wind energy
A 1 transition Y A Photovoltaic power
110901 2021 E— 2025 50700 = Nuclear power
Natural gas
30599
40000 Coal power
5326 P
10859 15000 7000 Unit: x10* kW

Figure 7. Installed power structure in 2021 and power trend in 2025.
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its clean transition and environmental development. Clean renewable energy will gradually become the majority
of electricity supply. In other words, before 2030, China still relies heavily on coal power and is likely to maintain
significant emissions from carbon footprint, ecological footprint, acidification potential, eutrophication potential,
HTC and HTN, with improvements only in the clean-energy provinces. After 2030, the decreasing propor-
tion of coal power will decrease the values of carbon footprint, ecological footprint, acidification potential and
eutrophication potential. At the same time, clean and renewable energy becoming mainstay may greatly reduce
HTN and HTC in China and enable EVs to drive cleanliness.

Conclusion
In this paper, the effects of 11 groups of LIBs installed in mini EVs on 11 environmental indicators in 5 regions
are discussed in detail. The results show that:

Battery packs operating in China will produce higher environmental potential value of CF, EF, AP, EP, HTC
and HTN. Battery packs operating in Europe will produce higher WF and POFP, while operating in Japan will
produce higher environmental impact value of ADP, ODP and ETX. The use of EV's has positive and significant
environmental implications for above countries and regions in different aspects. EVs in Europe can best reduce
of the value of CE EE, HTC and HTN. EVs in Japan will lower the value of WF best. While in China, EVs best
bring the reduction of the ADP and ETX. In order to reduce the ODP and POFP produced during operation,
EVs are the best in the US.

From the environmental impact values of each region, it can be found that there is a correlation between the
composition of power structure and environmental indicators. The coal power generation in the power structure
can affect the CF, EE, AP and EP produced by the battery packs in the running stage. Nuclear power generation
can affect the WF of the battery packs during operation. Natural gas power generation in the power structure
can affect the ADP of the battery packs during operation. However, the green property index is a comprehensive
index, which should not only consider the influence of the main power sources in the region, but also cannot
ignore the role of other power generation modes. During the running phase, the battery pack with the highest
environmental characteristic index is Li-S, while LMO/NMC-C has the lowest green characteristic index. This
result occurs that the mass energy density is the key. With the same battery capacity and higher mass energy
density, the weight of the battery pack is smaller, and the less electric energy needs to be consumed to carry the
battery during the use stage, the more green the battery will be.

As can be seen from the research results, coal power in China currently has significant carbon footprint,
ecological footprint, acidification potential and eutrophication potential, and its power structure is not conducive
to the sustainable development of BEV. It is worth mentioning that China is striving to achieve a clean transition
in power generation. In the future, it is hoped to establish a relationship model between power structure and
impact index to simulate the impact of various changes of power structure on China’s environment and find the
optimal combination suitable for China’s national conditions, so that BEV can drive green in China.

Data availability
The original contributions presented in the study are included in the article, further inquiries can be directed
to the corresponding author.

Received: 12 April 2023; Accepted: 13 May 2023
Published online: 16 May 2023

References
1. Liu, H. W, Yang, R. L., Wang, Y. Q. & Zhu, Q. Y. Measuring performance of road transportation industry in China in terms of
integrated environmental efficiency in view of Streaming Data. Sci. Total Environ. 727, 13 (2020).
2. Ioakimidis, C. S., Murillo-Marrodan, A., Bagheri, A., Thomas, D. & Genikomsakis, K. N. Life cycle assessment of a lithium iron
phosphate (LFP) electric vehicle battery in second life application scenarios. Sustainability-Basel 11, 14 (2019).
3. Hussain, Z., Miao, C., Zhang, W., Khan, M. K. & Xia, Z. Assessing the role of environmental expenditures and green transport in
emissions released by transport: an application of ARDL approach. Front. Environ. Sci. 9, 769608 (2021).
4. Khan, M. A. et al. Clean and sustainable transportation through electric vehicles — a user survey of three-wheeler vehicles in
Pakistan. Environ. Sci. Pollut. Res. 29, 45560-45577 (2022).
5. Xu, L., Miao, S. S., Deng, Y. F. & Mancl, K. R. Energy-environmental efficiency of clean energy in China: Integrated analysis with
regional green growth. J. Renew. Sustain. Energy 12, 13 (2020).
6. Yang, L. et al. Are electric vehicles cost competitive? A case study for China based on a lifecycle assessment. Environ. Sci. Pollut.
Res. 29, 77937810 (2022).
7. Afridi, K. The future of electric vehicle charging infrastructure. Nat. Electron. 5, 62-64 (2022).
8. Heidrich, O., Dissanayake, D., Lambert, S. & Hector, G. How cities can drive the electric vehicle revolution. Nat. Electron. 5, 11-13
(2022).
9. Ding, Y., Cano, Z. P, Yu, A, Lu, J. & Chen, Z. Automotive Li-ion batteries: current status and future perspectives. Electrochem.
Energy Rev. 2, 1-28 (2019).
10. Xu, G., Wang, S. & Zhao, D. Transition to sustainable transport: understanding the antecedents of consumer’s intention to adopt
electric vehicles from the emotional research perspective. Environ. Sci. Pollut. Res. 28, 20362-20374 (2021).
11. Wu, Y. A. et al. A review of evolutionary policy incentives for sustainable development of electric vehicles in China: Strategic
implications. Energy Policy 148, 111983 (2021).
12. Ouyang, D. H,, Ou, X. M., Zhang, Q. & Dong, C. G. Factors influencing purchase of electric vehicles in China. Mitig. Adapt. Strateg.
Global Change 25, 413-440 (2020).
13. Yu,J. L, Yang, P,, Zhang, K., Wang, F. P. & Miao, L. X. Evaluating the effect of policies and the development of charging infrastruc-
ture on electric vehicle diffusion in China. Sustainability-Basel 10, 25 (2018).
14. Qiao, D. H.,, Wang, G. S., Gao, T. M., Wen, B. ]. & Dai, T. Potential impact of the end-of-life batteries recycling of electric vehicles
on lithium demand in China: 2010-2050. Sci. Total Environ. 764, 11 (2021).

Scientific Reports |

(2023)13:7952 | https://doi.org/10.1038/541598-023-35150-3 nature portfolio



www.nature.com/scientificreports/

15. Chen, S. et al. Zero-valent iron-copper bimetallic catalyst supported on graphite from spent lithium-ion battery anodes and mill
scale waste for the degradation of 4-chlorophenol in aqueous phase. Sep. Purif. Technol. 286, 120466 (2022).

16. Choudhari, V. G., Dhoble, A. S. & Sathe, T. M. A review on effect of heat generation and various thermal management systems for
lithium ion battery used for electric vehicle. J. Energy Storage 32, 101729 (2020).

17. Hanada, T, Seo, K., Yoshida, W., Fajar, A. T. N. & Goto, M. DFT-Based investigation of Amic-Acid extractants and their application
to the recovery of Ni and Co from spent automotive Lithium-Ion batteries. Sep. Purif. Technol. 281, 119898 (2022).

18. Hua, Y. et al. Sustainable value chain of retired lithium-ion batteries for electric vehicles. J. Power Sources 478, 228753 (2020).

19. Mossali, E. et al. Lithium-ion batteries towards circular economy: A literature review of opportunities and issues of recycling
treatments. J. Environ. Manage. 264, 110500 (2020).

20. Gutsch, M. & Leker, J. Review article Global warming potential of lithium-ion battery energy storage systems: A review. J. Energy
Storage 52, 105030 (2022).

21. Boyce, A. M. et al. Cracking predictions of lithium-ion battery electrodes by X-ray computed tomography and modelling. J. Power
Sources 526, 231119 (2022).

22. Ma, C.,, Madaniyazi, L. & Xie, Y. Impact of the electric vehicle policies on environment and health in the Beijing-Tianjin-Hebei
Region. Int. J. Environ. Res. Public Health 18, 623 (2021).

23. Feng, T, Guo, W, Li, Q, Meng, Z. H. & Liang, W. C. Life cycle assessment of lithium nickel cobalt manganese oxide batteries and
lithium iron phosphate batteries for electric vehicles in China. J. Energy Storage 52, 104767 (2022).

24. Hao, H., My, Z. X,, Jiang, S. H., Liu, Z. W. & Zhao, FE. Q. GHG emissions from the production of lithium-ion batteries for electric
vehicles in China. Sustainability-Basel 9, 504 (2017).

25. Zeng, D. et al. Are the electric vehicles more sustainable than the conventional ones? Influences of the assumptions and modeling
approaches in the case of typical cars in China. Resour. Conserv. Recy. 167, 105210 (2021).

26. Koroma, M. S. et al. Life cycle assessment of battery electric vehicles: Implications of future electricity mix and different battery
end-of-life management. Sci. Total Environ. 831, 154859 (2022).

27. Yang, J., Gu, E. & Guo, J. F. Environmental feasibility of secondary use of electric vehicle lithium-ion batteries in communication
base stations. Resour. Conserv. Recy. 156, 104713 (2022).

28. Falcone, M., Quattromini, N. E, Rossi, C. & Pulvirenti, B. Life cycle assessment of a lithium-ion battery pack unit made of cylindri-
cal cells. Batteries-Basel 8, 76 (2022).

29. Wu, H. H,, Gong, Y, Yu, Y. ]., Huang, K. & Wang, L. Superior, “green” electrode materials for secondary batteries: through the
footprint family indicators to analyze their environmental friendliness. Environ. Sci. Pollut. Res. 26, 36538-36557 (2019).

30. Majeau-Bettez, G., Hawkins, T. R. & Stromman, A. H. Life cycle environmental assessment of lithium-ion and nickel metal hydride
batteries for plug-in hybrid and battery electric vehicles. Environ. Sci. Technol. 45, 4548-4554 (2011).

31. Yu, A, Wei, Y. Q,, Chen, W. W,, Peng, N. J. & Peng, L. H. Life cycle environmental impacts and carbon emissions: A case study of
electric and gasoline vehicles in China. Transport. Res. D-Transp. Environ. 65, 409-420 (2018).

32. Ellingsen, L. A. W. et al. Life cycle assessment of a lithium-ion battery vehicle pack. J. Ind. Ecol. 18, 113-124 (2014).

33. Deng, Y.L., Ma, L. L., Li, T. H,, Li, J. Y. & Yuan, C. Life cycle assessment of silicon-nanotube-based lithium ion battery for electric
vehicles. ACS. Sustain. Chem. Eng. 7, 599-610 (2019).

34. Li, B.B., Gao, X. F, Li, J. Y. & Yuan, C. Life cycle environmental impact of high-capacity lithium ion battery with silicon nanowires
anode for electric vehicles. Environ. Sci. Technol. 48, 3047-3055 (2014).

35. Notter, D. A. et al. Contribution of li-ion batteries to the environmental impact of electric vehicles. Environ. Sci. Technol. 44,
6550-6556 (2010).

36. Cusenza, M. A., Bobba, S., Ardente, E, Cellura, M. & Di Persio, F. Energy and environmental assessment of a traction lithium-ion
battery pack for plug-in hybrid electric vehicles. J. Clean. Prod. 215, 634-649 (2019).

37. Deng, Y. L, Li, . Y,, Li, T. H., Gao, X. F. & Yuan, C. Life cycle assessment of lithium sulfur battery for electric vehicles. J. Power
Sources 343, 284-295 (2017).

38. Keshavarzmohammadian, A., Cook, S. M. & Milford, J. B. Cradle-to-gate environmental impacts of sulfur-based solid-state lithium
batteries for electric vehicle applications. J. Clean. Prod. 202, 770-778 (2018).

39. Ellingsen, L. A. W,, Singh, B. & Stromman, A. H. The size and range effect: lifecycle greenhouse gas emissions of electric vehicles.
Environ. Res. Lett. 11, 8 (2016).

40. Mostert, C., Ostrander, B., Bringezu, S. & Kneiske, T. M. Comparing electrical energy storage technologies regarding their material
and carbon footprint. Energies 11, 25 (2018).

Acknowledgements

The authors would like to express appreciation to the following contributors: (1) the National Natural Science
Foundation of China (No. 52074037); (2) National Key R&D Program of China (2021YFB2401800).

Author contributions

All authors contributed to the study conception and design. Conceptualization, material preparation, data collec-
tion and methodology were performed by [Z.H.], [X.B.], and [W.H.]. Data curation and methodology were also
performed by [H.Y.], [C.Z.], [L.X.] and [L.L.]. The manuscript was revised by [L.S.], [X.B.]. The formal analysis
and first draft of the manuscript was written by [X.B.]. Software, investigation, reviewing and editing, validation,
resources, project administration, funding acquisition were performed by [Y.Y.]. Supervision, reviewing and
editing, validation, funding acquisition were also performed by [H.K.], [C.L.] and [S.Y.]. All authors commented
on previous versions of the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023)13:7952 | https://doi.org/10.1038/s41598-023-35150-3 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports | (2023) 13:7952 | https://doi.org/10.1038/s41598-023-35150-3 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Life cycle environmental impact assessment for battery-powered electric vehicles at the global and regional levels
	Methods
	LCA method. 
	Power structure and operation calculation of the power battery pack in the use phase. 
	Comprehensive environmental assessment indicators. 
	Calculation of index weight. 

	Discussion and results
	Footprint family influence at the battery pack use stage. 
	The impacts of resource depletion during battery pack usage. 
	Toxic damage effect of battery packs in the use stage. 
	Influence of the environmental characteristics of the battery pack in the use stage. 
	Development trend of the power structure in China. 

	Conclusion
	References
	Acknowledgements


