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Electric vehicle, as the most promising clean vehicle technology, has gained high priority in global trans-
port technology roadmap. Although electric vehicles offer multiple benefits within the vehicle use phase,
their energy consumption and greenhouse gas emissions within the vehicle production phase are much
higher than conventional vehicles. Recycling is considered as an effective way to tackle this issue. By
employing a life cycle assessment framework, this study compares the energy consumption and green-

gegggzdjéhide house gas emissions from electric vehicle production under the circumstances of no recycling and full
Battery recycling. Database is established based on the China 2025 case, where a large number of electric vehi-
Greenhouse gas emissions cles are expected to reach their end of life in the years to come. The results indicate that greenhouse
Energy gas emissions from electric vehicle production with and without recycling are 9.8t CO,eq. and 14.9t
Recycling CO,eq., implying a 34% reduction through recycling. Specifically, the recycling of steel, aluminum and

the cathode material of traction battery, among others, contribute to 61%, 13% and 20% of total reduction,
respectively. Although the recycling of conventional vehicle components currently contributes the most
to the overall reduction, the recycling of battery has a huge growth potential in the future. Based on the
analysis, it is recommended that China should prioritize the recycling of electric vehicles, especially the

Life cycle assessment

batteries, to realize the cleaner production of electric vehicles.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

China has the world’s largest vehicle market. Vehicle production
in Chinareached 24.5 millionin 2015, accounting for approximately
one quarter of the global total (OICA, 2016). Over the past decade,
China has given priority to the development of Electric Vehicles
(EVs). China produced over 0.25 million EVs in 2015, four times
higher than the 2014 level (CAAM, 2016a,b). The government aims
that the sales of EVs and Plug-in Hybrid Electric Vehicles (PHEV)
reach 2 million in 2020, and 5 million in 2025 (Chinese State

Abbreviations: ANL, Argonne National Laboratory; ASCM, Automotive System
Cost Model; ASR, Automotive Shredder Residue; BatPaC, Battery Performance and
Cost; BF-BOF, Blast Furnace-Basic Oxygen Furnace; CAAM, China Association of
Automobile Manufacturers; EAF, Electric Arc Furnace; ELV, End-of-Life Vehicle; EV,
Electric Vehicle; GHG, Greenhouse Gas; GREET, Greenhouse Gases Regulated Emis-
sions and Energy Use in Transportation Model; ICEV, Internal Combustion Engine
Vehicle; IPCC, Intergovernmental Panel on Climate Change; LCA, Life Cycle Assess-
ment; NBSC, National Bureau of Statistics of China; NMC, Li(NixCoyMn_x.y )O2; OICA,
Organisation Internationale des Constructeurs d’Automobiles; PHEV, Plug-in Hybrid
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Council, 2012). The life cycle environmental impacts of EVs can
be divided into three phases: production, use and recycling. Many
researches have revealed that although the energy consumption
and Greenhouse Gas (GHG) emissions of EVs within the vehicle
production phase account for a relatively small proportion when
considering the whole life cycle, the values are much higher than
those of conventional vehicles and cannot be ignored (Hawkins
et al.,, 2013; Sharma et al., 2013; Tagliaferria et al., 2016). When
it comes to the use phase, the dominant phase accounting for
the largest proportion of the total life cycle energy consumption
and GHG emissions of EVs, the values depend substantially on the
energy structure in different regions (Nanaki and Koroneos, 2013).
EVs can perform well only if non-fossil fuels are used for the power
generation (Bauer et al., 2015). In China, the situation is severe due
to limited manufacturing techniques and coal-dominated energy
structure (Qiao et al., 2016), and the environmental benefits of EVs
haven’t met expectations (Wang et al., 2013). Recycling is consid-
ered as an effective way to tackle this issue.

Vehicle recycling has already attracted global attention. Glob-
ally, the number of End-of-Life Vehicles (ELVs) reached 40 million
in 2010 and kept growing rapidly over recent years (Sakai et al.,
2014). This leads to millions of tons of waste to be treated, within
which huge potential of material recovery exists. In order to obtain
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the largest environmental benefits from the treatment of ELVs, dif-
ferent strategies have been applied in many countries (Cossu and
Lai, 2015). In the U.S,, driven by the profit and regulations, about
95% of ELVs are recycled and over 80% of the vehicle by weight
is recovered (Kumar and Sutherland, 2009). In Europe, the Euro-
pean Directive 2000/53/EC forces European Member States to take
85% of ELVs into recycling and the recovery rate should reach 95%
by weight by 2015 (Santini et al,, 2011). In Japan, the ELV recy-
cling law has been put into force since 2005. Over 95% of ELVs are
recycled (Zhao and Chen, 2011). In China, although a series of reg-
ulations have been promulgated since 2001, the recycling of ELV is
still not well enforced, and many informal sectors are illegally treat-
ing ELVs, causing huge waste (Hu and Wen, 2015). Recently, much
more detailed standards have been applied to ELV recycling (Zhao
etal.,2016). For most of the regulations, the recycling requirements
are based on the case of conventional Internal Combustion Engine
Vehicles (ICEVs). As EVs only started to penetrate the market over
recent years, there are still significant gaps in existing regulations
on the recycling of EVs.

Under such circumstance, the energy consumption and envi-
ronmental impacts of EV recycling should be evaluated to help
the government enact new regulations. Currently, scholars have
paid high attentions to the Life Cycle Assessment (LCA) of vehi-
cle recycling from a grave-to-gate point of view. Gerrard and
Kandlikar (2007) assessed the impacts of 2000/53/EC regulation
on ELV recycling and analyzed the vehicle recycling techniques
in Europe. Belboom et al. (2016) compared the life cycle environ-
mental impacts of three different ELV dismantling techniques on
the basis of industrial data in Belgium, finding that post shredding
treatments could be developed for a higher material and energy
recovery rate. Li et al. (2016) estimated the life cycle environ-
mental impacts of end-of-life Corolla taxis in China. The author
established a vehicle recycling scenario in China and took the
material replacements into consideration, which formed a com-
plete research framework for ICEVs. Cheng et al. (2012) studied the
vehicle recycling in Taiwan and revealed that energy consumption
during recycling process should be paid high attention.

Meanwhile, numerous studies focused on one or two stages of
the vehicle recycling process. Halabi et al. (2015) carried out an
LCA on advanced machine-based dismantling of ELVs, which pro-
vided animportant supplement to this field. Vermeulenetal.(2011)
conducted a study on the Automotive Shredder Residue (ASR) man-
agement, the most important stage after dismantling. The results
indicated that ASR recovery might be a breakthrough for vehicle
recycling. Cossuand Lai (2015) studied ASR management in another
way. Their results revealed that energy recovery would play an
important role. Besides, Diener and Tillman (2015) and some schol-
ars evaluated the life cycle energy consumption and environmental
impacts of the remanufacture for individual components, as well
as the engine (Smith and Keoleian, 2004). And some other scholars
studied the recovery of materials in recycled vehicles, for example,
Ohno et al. (2015) evaluated the efficient and impacts of recovery
of steel scrap derived by ELVs in Japan and provided important con-
clusions, and as well as copper (Brahmst, 2006) and plastic (Duval
and MacLean, 2007).

On the other hand, with the development of EVs, more and more
studies on the recycling of traction battery have been published
in recent years. Espinosa et al. (2004) established original recy-
cling models for different kinds of batteries, including lead acid,
nickel-cadmium, lithium and Li-ion batteries. Georgi-Maschler
et al. (2012) summarized the recycling process for Li-ion batteries
developed before 2012. They evaluated different recycling tech-
niques and put forward a new recycling process with a combination
of pyrometallurgical and hydrometallurgical processes. Dunn et al.
(2012) estimated the energy consumption and environmental
impacts of Li-ion battery recycling, while the Grave-to-Cradle and

Cradle-to-Gate stages were both taken into consideration. They
formed an important life cycle model for traction batteries. On the
basis of Dunn'’s results, Gaines (2014) discussed the impediments
to overcome and raised a vision of recycling system for Li-ion bat-
teries in the future. However, Richa et al. (2014) pointed out that
only 42% of the end-of-life Li-ion battery by mass could be recy-
cled with the primary technology. Ordofiez et al. (2016) compared
physical and chemical recycling processes for Li-ion batteries, and
revealed that techniques remained to be developed to improve the
recovery rate. Xie et al. (2015) carried out an LCA on Li-ion bat-
tery recycling with the industrial data from one battery recycling
plant in China. Simon et al. (2015) evaluated the metal require-
ments and impacts on reserves of active materials by Li-ion battery
recycling in Europe. The author provided an important supplement
to the future LCA system on Li-ion batteries. Furthermore, a mono-
graph “Advances in Battery Technologies for EVs” was published
in 2015, containing a detailed description of the comprehensively
used recycling techniques (Scrosati et al., 2015).

A mature framework of vehicle recycling analysis and a rudi-
ment of traction battery recycling model have been established
by existing studies, which have laid the foundation for evalu-
ating the environmental impacts of EV production from a life
cycle perspective. However, existing studies also suggested that
the grave-to-gate environmental impacts of EV recycling varied a
lot among different techniques, implying significant regional dis-
parities. When it comes to the situation in China, few studies
have focused on this topic due to the lack of unified standards.
Meanwhile, the Chinese government aims to achieve a 60% — 65%
decrease in CO; intensity (CO, emissions per unit of Gross Domestic
Product) by 2030 (Chinese Government, 2015). To realize this target
in the transport sector, EV industry would be promoted to become
much larger. Under such a circumstance, EV recycling ought to be
fully developed to improve the environmental impacts.

To fill the research gaps, this study aims at estimating the impact
of recycling on energy consumption and greenhouse gas emissions
from EV production. According to the government’s expectation
of EV production and life span (Chinese State Council, 2012), the
first large batch of end-of-life EVs should be treated around 2025,
based on which a China 2025 scenario is developed. This study
assumes that the recycling techniques in China would success-
fully reach the world’s advanced level as planned (Chinese State
Council, 2015). To reflect the overall situation, an LCA framework
is employed and China-specific database is established. Further-
more, this study incorporates several results on similar topics from
existing literatures as benchmarks.

2. Recycling techniques
2.1. Vehicle specification

A standard mid-size electric passenger car with conventional
materials is chosen as the reference vehicle in this study. However,
since the detailed specification of EV is unclear in China, this study
imports the relevant factors from Burnham (2012) and Automotive
System Cost Model (ASCM) (Das, 2004). For more details, the total
weight is adjusted to match the average case results in model year
2010 provided by Autonomie, and the material compositions for
different components are estimated based on enterprise investiga-
tions, dismantling reports, literature review and basic assumptions.
On the other hand, several other researches have provided differ-
ent material compositions of EVs, which may largely influence the
results. For example, Bauer et al. (2015) carried out the LCA for
EVs currently and in the future. The author simulated a 1977 kg EV
in 2012 and a 1643 kg EV in 2030, and the mass reduction was
mainly caused by the use of lightweight materials such as alu-
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Fig. 1. Vehicle recycling process.

minum. Hawkins et al. (2013) employed the EV specification from
Ecoinvent database and Daimler AG. The total weight of an EV with-
out batteries was about 1900 kg, and the weight of a Li-ion battery
was about 212 kg. It has been revealed that the total weight of an
EVisin a downward trend due to the lightweight route, which may
influence the environmental impacts of future vehicle recycling.

The use of Li(NixCoyMnj.xy)O; (NMC) battery is dominating
(CAAM, 2016a,b). Therefore, this study assumes that NMC battery
would be recycled in 2025. However, with the lack of standard NMC
battery production techniques in China, this study employs the
estimation results from Greenhouse Gases, Regulated Emissions,
and Energy Use in Transportation (GREET) model established by
Argonne National Laboratory (ANL) (ANL, 2016). For more details,
the material inventory is normalized based on plenty of reports and
literatures and presented by Battery Performance and Cost (BatPaC)
model (Nelson et al., 2011), and the energy storage parameters are
from Autonomie model. Dunn et al. (2012) combined the results
and provided a generalized NMC battery specification for GREET.

Furthermore, standard radial tires which are widely used in
China are considered as the reference tires in this study. And all the
fluids in an EV including brake fluid, transmission fluid, windshield
fluid, adhesives and powertrain coolant are taken into considera-
tion on the basis of Burnham’s research (Burnham, 2012).

The material compositions for all the parts mentioned are pre-
sented in Table 1.

2.2. Vehicle recycling

As shown in Fig. 1, vehicle recycling represents the main line of
the EV recycling, including the recycling processes of almost all the
components such as the body, chassis without battery, powertrain
system, transmission system, traction motor, electronic controller
and etc. Batteries and tires are sent to other enterprises after dis-
mantling and their recycling processes are not included in this
section. Most Chinese domestic vehicle recycling enterprises are
currently in a primary stage, in which only rubber, steel and iron
scraps are produced at low rates. However, as this study pays atten-
tion to the case in 2025, an advanced recycling model is established
based on the techniques used by the famous vehicle recycling enter-
prise Comet Traitement SA in Belgium, the whole process consists
of dismantling, shredding, post-shredding-treatments of metals,
further treatments of plastics, minerals and phoenix (Belboom
et al,, 2016). The first three stages are basic vehicle recycling tech-
niques, which aim to recycle the major materials, such as steel, iron
and aluminum, of vehicles. These three steps have already been
employed by several top enterprises in China (Li et al., 2016). The
last three stages are focused on the recycling of specific materi-
als and energy which require most advanced techniques and are
hard to employed by China’s enterprises. For example, the further
treatment of phoenix aims to recover the metals and energy which
were sent to landfill previously due to the high costs and limited
techniques.
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Fig. 2. NMC battery recycling process.

For more details, dismantling, shredding and ASR treatments
are made up of several procedures. Batteries and tires are removed
during dismantling with only a little energy and no materials input.
Remains are shredded in a specific machine, allowing some steel
and copper scraps to be picked straightly. After that, some other
steel, copper and aluminum scraps in the residue are picked by
magnetic machine and heavy media separation. Other potential
outputs such as plastic scraps and recovered energy are sent to
the landfill due to the steep technical requirements of recycling
in China. It is worth mentioning that this study assumes the tech-
niques can be adopted by China’s future enterprises in spite of the
difficulties. Actually, if China fails to develop the clean industrial
system with advanced emission processing technology, more emis-
sions will be produced even if the same techniques are employed.

2.3. Battery recycling

Detailed NMC battery recycling process is shown in Fig. 2. An
optimized hydrometallurgical process is expected to be widely
employed in China 2025 due to the high yield rate, which has been
industrialized by Retriev Technologies, the leading battery recy-
cling company in North America, (Georgi-Maschler etal.,2012) and
adopted by one of the top battery recycling enterprises in China (Xie
etal., 2015).

The whole process can be divided into five stages: pre-
treatment, strong base soak, impurities removal and sintering.
Pre-treatment consists of crushing and screening, aiming to sep-
arate steel, copper scraps and the active material powder. The steel
and copper scraps are sent to other specific plants while the active
material powder will be the input of remaining stages. Strong base
soak aims to get rid of aluminum in the powder, which demands a
huge amount of NaOH (30%) and gives up the opportunity to recycle
aluminum scraps. After that, other impurities need to be removed
by leaching, extraction and precipitation, with the consumption of
much H,S04 (98%), H,0, and NH3-H, 0 (28%). Sintering is the final
stage of battery recycling, aiming to produce NMC, and some other
materials such as Li,CO3 are consumed.

2.4. Tire recycling

As a mature technique shown in Fig. 3, dynamic devulcanization
dominates in China’s tire recycling industry, which is chosen as the
reference recycling technique in this study. In order to recycle iron
and rubber, end-of-life tires are shredded and grinded before the
dynamic devulcanization stage, and refined at last. After that, iron
scraps are sent to the specific plants while the devulcanized rubber
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Table 1

Material composition for the reference vehicle.
EV without batteries, NMC battery (t) Others (t)
tires and fluids (t)
Total 1.70(-) Total 0.17(-) Fluids 0.03
Steel 1.10(-) Active Material 0.05(—) Adhesives 0.01
Wrought aluminum 0.02(+) Graphite/Carbon 0.03(-) Others 0.02
Cast aluminum 0.09(+) Copper 0.02(-) Tires 0.04(3)
Average plastic 0.20(+) Wrought Aluminum 0.03(+) Steel 0.02
Others 0.29 Others 0.04 Rubber 0.02
Total (t) 1.94

Note: 1.Numbers in the parentheses denote the replacements of the corresponding parts during life time (omit zero). 2. “+/—"in the parentheses denotes the upward/downward

trend of the materials used in EVs.
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Fig. 3. Tire recycling process.

would be further treated to get styrene butadiene rubber (Li et al.,
2010).

3. Methods and data
3.1. System boundary

A complete grave-to-gate life cycle model is employed in this
study to reveal the energy consumption and GHG emissions in
details, and the reduction can be estimated based on the amount
of recovered materials. The system shown in Fig. 4 is formed by
the expected vehicle recycling process in 2025 China, which is
inferred from the current world’s advanced techniques and China’s
development trend. The process is divided into three phases: 1)
recycling process consists of vehicle recycling which means the
vehicle dismantling, vehicle (without battery and tires) recycling,
battery recycling and tire recycling; 2) material recovery repre-
sents the process with scraps as inputs in specific plants; 3) vehicle
production consists of material production, components manufac-
ture and assembly. Since recovery generally consumes less energy
and produces less GHG, reduction exists when virgin materials are
replaced by recovered materials.

3.2. Methods

The reduction of energy consumption and GHG emissions can
be derived through Eqgs. (1)-(6).

ECgp = ECygr — ECg (1
GEgp = GEygr — GER (2)
Where,

ECgrp/GEgp denotes the total reduction of life cycle energy con-
sumption (M])/GHG emissions (kg CO,eq) per end-of-life EV;

ECyrr/GEygg denotes the reduction of life cycle energy con-
sumption (M]J)/GHG emissions (kg CO,eq) per end-of-life EV per
end-of-life EV when virgin materials are replaced by recovered
materials;

ECr/GER denotes the life cycle energy consumption (M])/GHG
emissions (kg CO,eq) per end-of-life EV from the whole recycling
process.

ECVRR = Zmlz (ECV‘,"]‘ - ECR,i,j) (3)
i

Jj
GEvgr = ZmiZEFj (ECv,ij — ECr.i ) (4)
i Jj

Where,

m; denotes the weight of recovered material i (t);

ECy;j denotes the consumption of energy j per t of virgin mate-
rial iproduction (M]/t);

ECg;jdenotes the consumption of energy jper t of material
irecovery (M]/t);

EF; denotes the life cycle GHG emission factor of energy j (kg
COzeq/M]).

EGR=> Mi | > ECej+ Y NiiEC, (5)
k j l

GEr =Y My(> EF;-ECj+ > NiiGEi;+ GEinc) (6)
k j 1

Where,

M, denotes the weight of part k (vehicle without battery and
tires, NMC battery, tires) (t);

ECyj denotes the consumption of energy j per t of part k recycling
(MJ/t);

Ny denotes the consumption of material I input per t of part k
recycling (t/t);

ECy denotes the life cycle energy consumption per t of material
I production (M]/t);

GEy denotes the life cycle GHG emissions per t of material |
production (kg CO,eq/t);

GEy nc denotes the non-combustion GHG emissions per t of part
k recycling (kg CO,eq/t).

3.3. Data

3.3.1. Recycling stages

Aslistedin Table 2, based on the LCA model in this study, this sec-
tion presents the energy/material consumption, non-combustion
GHG emissions and products per t of end-of-life EV input in differ-
ent stages, including vehicle dismantling, vehicle (without batteries
and tires) recycling, battery recycling and tire recycling. These
stages are classified into three major parts. Replacements and land-
fill are considered for all the stages mentioned.
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Table 2

Energy/material consumption, non-combustion GHG emissions and scrap production of different stages.
Energy/material Vehicle recycling Battery recycling Tire recycling
consumption,

non-combustion GHG
emissions and scrap

production
Energy consumption Coal 0.0 0.0 2,143.1
(MJ/t) Electricity 77.6 2,329.3 800.0
Diesel 790.0 0.0 0.0
Natural gas 0.0 5,018.8 0.0
Material consumption Magnetite 6.5 0.0 0.0
(kg/t) Salted solution 1.6 0.0 0.0
H,S04 (98%) 0.0 1,100.0 0.0
NaOH (30%) 0.0 2,180.0 0.0
NH3-H,0 (28%) 0.0 110.0 0.0
Li,CO3 0.0 120.0 0.0
Non-combustion GHG 0.0 67.3 170.9
emissions (kg CO,eq/t)
Scrap production Steel 647.7 180.0 0.0
(kg/t) Iron 0.0 0.0 230.0
Aluminum 413 0.0 0.0
Rubber 0.0 0.0 670.0
Copper 31.0 100.0 0.0
NMC 0.0 250.0 0.0
Sources Belboom et al. (2016), Georgi-Maschler et al. Liet al. (2010)
Lietal. (2016); (2012), Ordoiiez et al.
Enterprise (2016), Xie et al.
investigation (2015); Enterprise
investigation

Vehicle recycling includes the whole process from dismantling while all the other components are recycled in this step. Data in
to the recycling of vehicles without batteries and tires, and the this part are normalized based on the industrial data from Comet
replacements of several components are considered. Batteries and Traitement SA in Belgium while several post shredding treatments
tires are sent to the specific recycling processes after dismantling, are not carried out due to the expectation for China in 2025. For
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Table 3
Energy consumption, non-combustion GHG emissions and recovery rate of material recovery.
Energy consumption Steel Iron Aluminum Rubber Copper
and recovery rate
Virgin Coal 16,309.6 0.0 45,551.5 0.0 43744
Electricity 1,309.7 405.8 13,740.0 99.1 4,983.0
Natural gas 3,208.9 204.9 0.0 17,660.8 0.0
Coke 9,278.3 0.0 0.0 0.0 0.0
Resid. oil 193.5 193.5 0.0 17,661.0 5,927.5
Gasoline 2.2 22 0.0 0.0 0.0
Diesel 29.9 29.9 0.0 0.0 9,565.7
Blast furnace gas 2,421.9 0.0 0.0 0.0 0.0
Coke oven gas 1,101.6 0.0 0.0 0.0 0.0
Recovery Coal 0.0 98.8 0.0 / /
Electricity 1,764.0 0.0 208.2 / /
Natural gas 3,432.9 0.0 5,294.9 / /
Coke 179.2 0.0 0.0 / /
Resid. oil 0.0 0.0 0.0 / /
Gasoline 0.0 0.0 0.0 / /
Diesel 0.0 1,312.3 0.0 / /
Blast furnace gas 0.0 0.0 0.0 / /
Coke oven gas 0.0 0.0 0.0 / /
Recovery rate 95.9% 100.0% 96.8% 40.0% 77.6%
Sources ANL (2016), Weng ANL (2016) Hao et al. (2015); Burnham et al. (2006) Zeng et al., 2012;
(2009), Jing et al. Enterprise Brahmst, 2006
(2014); Enterprise investigation
investigation
Note:.

1. The recovery processes of rubber and copper are included in the recycling processes mentioned in 2.3, 2.4, and the recovery rates are calculated based on the final products

of such processes.

Table 4
Life cycle GHG emissions of energy and material input.
Life cycle GHG emission factors GHG emissions GHG emissions Sources
from production from
combustion
Energy (g CO,eq/M], g CO,eq/kWh)
Coal 24 95.1 Chen (2014), IPCC (2006)
Electricity 834.5 / NBSC (2016), Ma et al. (2014)
Natural gas 8.6 56.2 Chen (2014), IPCC (2006)
Coke 241 107.5 Weng (2009), IPCC (2006)
Resid. oil 14.0 77.7 Chen (2014), IPCC (2006)
Gasoline 18.1 69.6 Chen (2014), IPCC (2006)
Diesel 16.3 74.4 Chen (2014), IPCC (2006)
Blast furnace gas Included in coke 260.1 IPCC (2006)
Coke oven gas production 445 IPCC (2006)
Material (g CO,eq/kg)
H,S04 (98%) 276.3 / Yuan and Wang (2012)
NaOH (30%) 477.0 / Hong et al. (2014)
NH3-H,0 (28%) 621.0 / Makhlouf et al. (2015)
Li;CO3 1251.3 / Dunn et al. (2012)

Note: 1. Blast furnace gas and coke oven gas are by-products of coke, whose emissions factors are included in coke production.

Table 5

Energy consumption and products of each stage.
Energy consumption and products Vehicle recycling Battery recycling Tire recycling Material recovery Total
Energy consumption (M]) 13,145.8 2,583.6 784.8 / 16,514.2
Recycling process 1,808.7 2,278.7 729.1 / 4,816.5
Material recovery 11,337.1 304.9 55.7 11,697.7 11,697.6
Products (kg)
Steel 1,095.6 30.6 0.0 1,079.8 /
Iron 0.0 0.0 334 334 /
Copper 52.4 17.0 0.0 53.9 /
Aluminum 69.8 0.0 0.0 67.6 /
Rubber 0.0 0.0 97.2 38.9 /
NMC 0.0 42.5 0.0 42.5 /
Status Scrap Scrap Scrap Products /

instance, the expected vehicle recycling process doesn’t include
plastic recovery and energy regeneration, which requires the top

techniques in developed countries and is unlikely to be introduced

to China in a few years.



120 H. Hao et al. / Resources, Conservation and Recycling 122 (2017) 114-125

Battery recycling is one of the processes after vehicle disman-
tling, and the replacements during life time are considered. The
data are from one of the top battery recycling enterprise in China,
while several materials such as P507 extraction agent, kerosene,
HCl and Na,CO3 are not included due to the immaterial amount. In
addition, the recovery of NMC is performed at the end of battery
recycling process, meaning that such products can be used by NMC
battery producers without secondary processing.

Tire recycling is also one of the processes after vehicle dis-
mantling, while the replacements during life time are considered
as well. The data are estimated based on the developed dynamic
devulcanization techniques in China, which is expected to domi-
nate in the tire recycling industry in 2025 due to the high quality
and yield rate. Meanwhile, the devulcanized rubber will be further
processed to get styrene butadiene rubber as the final product.

3.3.2. Material recovery and virgin material production

When it comes to the reduction of energy consumption and non-
combustion GHG emissions when virgin materials are replaced
by recovered materials, all the related data are listed in Table 3,
including the consumption of different energy both for virginal
production and recovery.

It is worth mentioning that since the EVs to be recycled in
2025 are produced currently, all the data related to virgin materi-
als are based on the current situation in China, while the advanced
recovery processes in developed countries are applied to material
recovery. Furthermore, the consumption of diesel is considered in
the vehicle recycling stage, under the assumption that 9.3 t-load
trucks are used to cover the average distance (ANL, 2016).

Data related to virgin steel are from one of the biggest steel
plants in China, which employs the Blast Furnace-Basic Oxygen
Furnace (BF-BOF) process consisting of all the stages from iron ore
mining to steel production. Steel recovery is an Electric Arc Furnace
(EAF) process with much less energy input than BF-BOF, while the
data are from GREET provided by ANL.

Iron scraps can be straightly input to produce cast iron. There-
fore, the recovery process represents only the transport of iron
scraps.

Regional average energy consumption and non-combustion
GHG emissions from the production of virgin aluminum in China
are imported, including all the stages from bauxite mining to pri-
mary ingot casting. And the aluminum recovery consists of two
stages: scrap preparation and secondary ingot casting, while the
related data are from GREET.

As a developed technique all over the world, rubber production
in Chinais not quite different from it in the U.S., therefore this study
imports relevant data from GREET. The additional GHG emissions
caused by the regulations and facilities in China will be discussed
later.

Energy consumption of copper production is estimated accord-
ing to the techniques employed in China, which consumes a huge
amount of coal and electricity.

When it comes to NMC which is not listed in Table 3 due to the
lack of standard detailed energy consumption in China, the life cycle
energy consumption and GHG emissions per t of NMC production
are 125,362.4 M] (ANL, 2016) and 1,866.2 kg (Wang, 2012), and the
recovery of NMC is considered in the battery recycling process.

3.3.3. GHG emission factors

GHG emissions are defined as the emissions of CO,, CH4 and
N, O while they are multiplied by the convert coefficient 1, 25 and
298 in this study (IPCC, 2014). And the other GHG emissions are not
taken into consideration due to the little amount, such as CFC, NO,
SFg, etc. In addition, a widely used combustion mode is assumed
based on GREET when considering the CH4 and N,O emissions. As
this study estimates the life cycle GHG emissions through energy

and material consumption, the emission factors listed in Table 4
are important to ensure the reliability of the results.

All of the energy production is estimated on the basis of China’s
situation. For more details, the emission factors of coal, natural
gas, resid. oil, gasoline and diesel production are from the SinoCen-
ter database established by Beijing University of Technology, while
electricity and coke production is calculated through the regional
average value in China. In addition, the emission factors of combus-
tion are provided by IPCC (2006). In short, the emission factors of
energy production are all calculated on the Chinese case, while the
values for combustion are global and imported from IPCC.

When it comes to the materials, life cycle GHG emission factors
of H,SO4 (98%), NaOH (30%), NH3-H,0 (28%) and H,0, are from a
wide range of literature focused on the situation in China. How-
ever, since the lithium industry in China has not been developed
yet and Chile is world’s biggest lithium exporter with the top tech-
niques, this study employed the GHG emission factor calculated
under Chile’s situation.

4. Results and discussion
4.1. Results

The calculation results of energy consumption per end-of-life
EV in China of the detailed vehicle recycling process and mate-
rial recovery are presented in Table 5. It can be found that the
total energy consumption of recycling is 16.5 GJ, and the vehicle
recycling process consumes over 79% of the total energy.

According to the techniques expected, most of the materials can
be recycled as scraps and put into material recovery. Steel accounts
for about 82% by weight, while NMC is the most valuable product
in spite of its little weight.

The final results about the reduction of energy consumption and
GHG emissions per end-of-life EV which are calculated through Eqs.
(1)-(6) are presented in Table 6. In short, the total reduction of
energy consumption and GHG emissions are 32.1 GJ and 5.1 t CO,eq
per end-of-life EV.

4.2. Discussion

Fig. 5 presents the detailed reduction of energy consumption
and GHG emissions per end-of-life EV. According to our former
studies, the life cycle GHG emissions from the production of an EV
with NMC battery are about 14.9t CO,eq (Qiao et al., 2016), imply-
ing that the number for an EV with recycling is only 9.8 t. That is to
say, about 34% of the total GHG emissions from EV production can
be reduced by recycling.

As benchmarks, reduction of GHG emissions from an 1145 kg
Internal Combustion Engine Vehicle (ICEV) recycling is about 3.1t
COyeq (Li et al., 2016), proving that similar reduction rates exist
among EV (without batteries and tires) and ICEV. When it comes
to battery recycling, the reduction rate of energy consumption and
GHG emissions of an LiMn,0, battery through recycling is up to
48% (Dunn et al., 2012), a little higher than the rate of NMC battery.

Considering the impacts on the whole life cycle of an EV, this
study estimates the reduction rate of life cycle GHG emissions by
recycling. When powered by the coal-based electricity like the sit-
uation in China, GHG emissions of production phase and use phase
of an EV account for about 29% and 70%, and the proportions for
an ICEV are about 17% and 83% (Hawkins et al., 2013). Under this
circumstance, about 10% of the life cycle GHG emissions of an EV
can be reduced by recycling, which is much higher than the level
of an ICEV, about 4%.

Considering the energy consumption and GHG emissions from
the recycling and material recovery processes shown in Fig. 6,
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Table 6
Reduction of energy consumption and GHG emissions.
Reduction Vehicle recycling Battery recycling Tire recycling Total
Energy consumption (M]) 40,583.5 6,649.0 1,405.8 48,638.4
Steel 35,563.9 993.3 0.0 36,557.2
Iron 0.0 0.0 27.9 279
Copper 1,011.0 327.8 0.0 1,338.8
Aluminum 4,008.7 0.0 0.0 4,008.7
Rubber 0.0 0.0 1,377.9 1,377.9
NMC 0.0 5,327.9 0.0 53279
Comprehensive reduction 27,437.7 4,065.4 621.0 32,124.2
GHG emissions (kg CO,eq) 6,138.8 1,865.7 123.2 8,127.6
Steel 4,819.3 134.6 0.0 4,954.0
Iron 0.0 0.0 124 124
Copper 2439 79.1 0.0 323.0
Aluminum 1,075.5 0.0 0.0 1,075.5
Rubber 0.0 0.0 110.7 110.7
NMC 0.0 1,652.0 0.0 1,652.0
Comprehensive reduction 3,989.6 1,150.3 -35.6 5,104.4
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Fig. 5. Reduction of a) energy consumption and b) GHG emissions per end-of-life EV.

vehicle recycling accounts for about 80% of the total energy con-
sumption and 71% of the total GHG emissions because of the large
number of scraps to be recovered. About 86% of the total energy
consumption is caused by material recovery and the number for
GHG emissions is about 89%. However, the situation is quite differ-
ent for batteries and tires. For instance, since most of the materials,
including NMC, are recovered during the recycling process of an
NMC battery, about 88% of the energy consumption and 93% of the
GHG emissions are from battery recycling.

Despite the huge energy consumption and GHG emissions, vehi-
cle recycling is the most important stage with 27.4 GJ and 4.0t
CO,eq reduction as shown in Fig. 7, accounting for over 85% and
78% of the total level separately. The huge amount of recovered
steel consumed in the vehicles is the major reason.

From another point of view, although the NMC battery only
shares about 9% of the whole EV by weight, 4.1 GJ and 1.2t COzeq
can be reduced by its recycling, accounting for about 13% and 23%
of the total reduction, which is largely influenced by NMC recovery.

Considering the 2,896.3 kg CO,eq emissions from NMC battery pro-
duction (Qiao et al., 2016), the reduction rate is about 40%, higher
than the rate of vehicle recycling. Due to the little weight and
normal materials of tires, the reduction is relatively small when
recycled.

As the input of the system in this study is based on the industrial
data of certain techniques, several errors may happen due to the
variable techniques employed by different enterprises in China. At
the same time, additional GHG emissions are sure to be caused in
several stages, such as vehicle recycling and rubber production, in
China due to the backward emission processing technology and
lack of regulations. Even so, the results can provide an important
reference for the government and enterprises to make decisions.

In short, energy consumption and GHG emissions can be sig-
nificantly reduced by vehicle recycling due to the large weight. In
addition, the techniques are already developed in several coun-
tries and can be taken as examples for China. Furthermore, in spite
of the little weight of battery, the reduction is quite huge due to
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the recovery of NMC. However, since efficient battery recycling
techniques haven’t been fully developed yet in any country, the
techniques employed in this study are based on the top techniques
currently. Therefore, more attention should be paid to developing
battery recycling process.

4.3. Uncertainty analysis

Since the assumption of this study is the situation in 2025 China,
uncertainty exists due to the unpredictable growth of techniques.
This section aims to provide quantitative analysis about the uncer-
tainty caused by future techniques. And several fixed factors are
not calculated. For example, the material composition of EVs may
change a lot due to the lightweight trend, and most of the steel may
be replaced by aluminum, which will lead to quite different results.
Actually, as calculated above, the reduction of energy consumption
and GHG emissions per t of aluminum recycling are much larger
than those of steel recycling, indicating that the EV recycling can
provide even more environmental benefits if the lightweight trend
keeps going on. However, this kind of uncertainty is not calculated
because this study assumes that the EVs recycled in 2025 are pro-
duced almost currently, which would not influenced by the future
lightweight techniques. Therefore, two aspects about the future

recycling techniques and emission factors are considered in this
study: 1) energy consumption and products of unexpected recy-
cling and recovery techniques; 2) lower GHG emission factors of
fuel production due to the ongoing development.

Fig. 8 presents the variation of reduction while the energy con-
sumption of recycling and recovery processes are multiplied by the
parameters a) 0.8, 1.2 or the amount of products are multiplied by
the parameters b) 0.8, 0.9 (considering that relatively high scrap
production rates are imported in this study, the parameters are
smaller than 1.0). It has been revealed that with the growing of
energy consumption of recycling and recovery processes, the final
reduction is decreasing due to the fixed reduction through replace-
ments of virgin materials as they are being produced currently.
On the other hand, although energy consumption and GHG emis-
sions from recycling and recovery processes are increasing with the
growth of the recycling products, the final reduction is larger when
more virgin materials can be replaced.

Fig. 9 presents the reduction of GHG emissions while the emis-
sion factors of fuel production are multiplied by the parameters 0.8,
0.9. The influence is not large due to the small emission factors of
fuel production except electricity. However, not much electricity is
used during the recycling and recovery process. From another point
of view, no changes happen to the reduction of energy consumption
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and GHG emissions through the replacements of virgin materials
as they are produced currently with the current emission factors.
Therefore, the final reduction increases slowly with the decrease of
emission factors.

5. Conclusion

This study has estimated the reduction of energy consumption
and GHG emissions if an EV is recycled in 2025 China. Uncertainties

are taken into consideration due to the unpredictable techniques
in the future. The results indicate that the total reduction per end-
of-life EVis 32.1 GJ and 5.1 t CO,eq, about 34% of the life cycle GHG
emissions from EV production in China. Considering the whole life
cycle, about 10% of the GHG emissions can be reduced by recy-
cling, while the number for an ICEV is only about 4%. In China,
due to the weak manufacturing industry and coal-based energy
structure, EV recycling must be developed to obtain more envi-
ronmental benefits. Several measures can be taken to ensure the
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development: first of all, vehicle (without batteries and tires) recy-
cling is currently the most important stage and has been maturely
developed in advanced countries, China can employ the techniques
with matched regulations; secondly, more attention should be paid
to battery recycling in the future as it has huge potential benefits;
finally, infrastructures may become one of the obstacles for China
to develop clean recycling techniques.

Since the EVs to be recycle in 2025 China are produced cur-
rently, the results will not be influenced by the future production
techniques such as lightweight and new type batteries. But due
to the unpredictable recycling techniques and emission factors,
the results will change within a certain range. For instance, the
reduction decreases if the techniques in 2025 are below the level
expected in this study, in other words, having more energy con-
sumption during recycling and recovery processes and having
fewer products.

Despite the important results provided by this study, several
vacancies remain to be covered by further studies. As a primary
industry, battery recycling will embrace a rapid growth in the com-
ing few years, meaning that the techniques will change to a great
extent. From another point of view, the pilot use of end-of-life bat-
tery is not taken into consideration in this study because of the
unclear plan in China. In short, although the technique expected
in this study is reasonable from the current point of view, it may
change significantly.
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