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Abstract: Battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs) are seen as
the most promising alternatives to internal combustion vehicles, as a means to reduce the energy
consumption and greenhouse gas (GHG) emissions in the transportation sector. To provide the
basis for preferable decisions among these vehicle technologies, an environmental benefit evaluation
should be conducted. Lithium iron phosphate (LFP) and lithium nickel manganese cobalt oxide
(NMC) are two most often applied batteries to power these vehicles. Given this context, this study
aims to compare life cycle energy consumption and GHG emissions of BEVs and PHEVs, both of
which are powered by LFP and NMC batteries. Furthermore, sensitivity analyses are conducted,
concerning electricity generation mix, lifetime mileage, utility factor, and battery recycling. BEVs
are found to be less emission-intensive than PHEVs given the existing and near-future electricity
generation mix in China, and the energy consumption and GHG emissions of a BEV are about 3.04%
(NMC) to 9.57% (LFP) and 15.95% (NMC) to 26.32% (LFP) lower, respectively, than those of a PHEV.

Keywords: life cycle assessment; battery electric vehicle (BEV); plug-in electric vehicle; energy;
greenhouse gas (GHG) emissions

1. Introduction

Currently, China is the world’s largest vehicle producer and sales market. However, the rapid
growth of car ownership in recent years has raised grave concerns about national energy security,
traffic safety, and climate change. According to statistics, China’s reliance on oil importation exceeded
65 percent by the end of 2017 [1]. At the same time, the transport sector contributes to a significant
share of the country’s total greenhouse gas (GHG) emissions. Recently, the Chinese government has
regarded electric vehicles (EVs) as the alternative to internal combustion engine vehicles (ICEVs) to
diminish GHG emissions and to alleviate the dependence on gasoline. Since 2015, China has already
become the largest EV market globally and the accumulated number of EVs exceeded 1 million at the
end of 2017. Besides, in the energy saving and new energy automotive industry development plan
2012-2020 [2], it is estimated that the total production and sales of pure battery electric vehicles (BEVs)
and plug-in electric vehicles (PHEVs) will amount to 5 million vehicles by 2020, 5 times more than the
current ownership.

BEVs and PHEVs are two main types of EVs and are already commercially available. Noticeably,
hybrid electric vehicles are seen as an extended model of ICEVs because they do not take electricity
from the grid [3]. The choice of vehicle technologies depends on multi-aspect factors, including
affordability, engineering performance, policy guidance, and environmental benefits. The differences
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surrounding the economic viability and electrochemistry performance of BEVs and PHEVs are clearly
recognized. For example, the higher purchase cost is required for BEVs, relative to comparable PHEVs,
but this additional cost can currently be compensated by higher subsidies and lower fuel costs in
operation. On the other hand, the limited range of BEVs is a major challenge for the wide diffusion
of BEVs. However, from the perspective of life cycle environmental performance analysis of BEVs
and PHEVs, a consensus has not reached concerning which option has more energy saving and
lower emissions.

Additionally, the supportive policies in current China give priority to BEVs, enhancing BEVs
attractiveness for potential customers. In the early stage of deploying EVs, such government support
played a determinant role to sway automakers to adjust the production strategies. Thereby, if the
targets of energy conservation and emission reduction in the transportation sector are desired to be
fulfilled by promoting the development of EVs, the identification of which powertrain option has
larger energy and emission reduction potential is necessary.

A broad body of literature compares the energy consumption and environmental impact of BEVs,
PHEVs with ICEVs in a life cycle perspective [3-6]. However, direct and detailed comparisons between
BEVs and PHEVs are hardly observed. Secondly, the majority of relevant studies compare the BEVs
and PHEVs by only considering the fuel cycle but disregard the vehicle cycle [7-9]. For example,
Ke et al. (2017) [10] conducted a detailed Well-to wheels (WTW) analysis based on real-world data and
found that Beijing’s BEVs can significantly reduce WTW carbon dioxide emissions compared with
their conventional gasoline counterparts, even in a coal-rich region. Among these papers regarding the
fuel cycle, most conclusions demonstrate that BEVs are superior to PHEVs in terms of environmental
performance, but if the vehicle cycle is counted, the findings may not be warranted since a larger
battery is necessary to be produced for BEVs than a class-equivalent PHEV to overcome the range
limitation. Thirdly, the preceding research regarding the fuel cycle of BEVs and PHEVs was almost
based on European or U.S. cases and indicates that the results depend on the electricity profile and
driving conditions of each specific case. For example, Onat et al. (2015) [11] compared various vehicle
options across 50 states and concluded that EVs are the least carbon-intensive option in 24 states.
Casals et al. (2016) [12] calculated the EV global warming potential for different European countries
under various driving conditions and concluded that the current electricity profile in some countries
(e.g., France or Norway) is well suited to accommodate EV market penetration, while countries like
Germany and the Netherlands do not offer immediate GHG emission reductions for the uptake of EVs.
In this sense, the advantages of BEVs may not be guaranteed in China, where the electricity mix is
dominated by coal. As the most crucial part of EVs, the traction battery determines the environmental
and engineering performance of vehicles. In the current Chinese traction battery market, lithium iron
phosphate (LFP) and lithium nickel manganese cobalt oxide (NMC) are the two dominant battery
chemistries, but these two battery types have different energy requirements in their production process,
along with their unique electrochemistry features, which affect the energy demand of vehicles in the
use stage. Therefore, specifically considering the battery chemistries is an important part of life cycle
analysis of electric vehicles.

With the above information in mind, this study aims to comprehensively compare the life cycle
energy consumption and GHG emission performance of BEVs and PHEVs, where both the fuel cycle
and the vehicle material cycle are involved and two mainstream battery chemistries (LFP and NMC)
are considered. Here, we attempt to address two questions:

Which electric vehicle technology corresponds to lower energy consumption and GHG emissions?

Will the relative outperformance of such vehicle technology change with the variation in battery
chemistries, electricity mix, driving distance, and some other important factors?

2. Materials and Methods

Life cycle assessment (LCA) is a method to assess the life cycle potential environmental
performance of a product or a service [13]. The standardized methodology defines four steps,
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the definition of the goal and scope, the life cycle inventory, the life cycle impact assessment and the
interpretation of results. In this study, a comparison between BEVs and PHEV:s is discussed by using
the LCA approach to help us identify the superiority of these vehicle technologies in terms of energy
savings and GHG emission reductions.

2.1. Goal and Scope

In this study, four electric vehicle types representing different vehicle technologies (BEV and
PHEV) and battery options (LFP and NMC) have been discussed. Qin 300 (BEV-LFP), Qin 80
(PHEV-LFP), Qin 450 (BEV-NMC), and Qin 100 (PHEV-NMC) were chosen as the representative
vehicles and the related information is mainly provided by its manufacturer, BYD, a major leading
electric vehicle maker in China [14]. The choice of Qin series is due to its high market share, which
contributed to 7% of the total new electric vehicles in the first half year of 2018. Especially in the PHEV
market, Qin PHEV models account for 23.8% in the same period. Besides, choosing the vehicles from
one plant allows a comparable basis for comparison, such as the comparative size and class of vehicles,
the same modeling approach of energy efficiency, and unwanted variations in the production line are
greatly avoided.

2.2. System Boundary

The system boundary includes both the fuel cycle and the vehicle cycle. The functional unit is
expressed as per driven distance (per kilometers; per km) and GHG emissions are reported in grams
CO; equivalents (g CO,-eq).

Fuel life cycle

o  Well to pump stage (WTT): The extraction, production and transport of feedstock, and the refining,
production and distribution of gasoline and electricity
e  Pump to wheels stage (TTW): The fuel utilized by vehicles in the use phase

Vehicle life cycle

e  The production of raw materials

e  The manufacturing of vehicle components, including the vehicle body, traction battery and fluids
e  The assembly stage

e  The distribution and transportation stage

e  The maintenance of the vehicle throughout its life time

e  The disposal of the vehicle, also known as the end-of-life stage

2.3. Life Cycle Inventory

2.3.1. The Fuel Cycle

The fuel cycle consists of the well-to-tank (WTT) stage and the tank-to-wheel (TTW) stage. As for
the WTT stage, the primary energy including coal, liquefied gasoline gas, and natural gas are inputted
to produce the terminal energy of gasoline and electricity. In 2017, the electricity mix in China is shown
in Figure 1. The conversion efficiency of primary energy, the proportion of fuel consumption in various
processes and the transportation distance of primary energy can be obtained or calculated based on
the data from official yearbooks and other related publications [8,15,16].

As for the TTW stage, the fuel efficiencies of BEVs and PHEVs, as shown in Table 1, are provided
by the car marker and have been verified through a fuel consumption record website, where the
real-world energy efficiency data are reported by vehicle users [17]. The energy consumption and
GHG emissions in the TTW stage are calculated by Equation (1).

Ertw = Eelectricity x UF + (Eupstream + ECOI’I’[bllSﬁOl’l) X (1 - UF) (1)
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where Erw denotes the energy consumed per kilometer in the TTW stage, Ecjectricity Tepresents the
upstream energy consumption of electricity, while Eypstream and Ecompustion T€present the upstream and
the combustion emissions of gasoline, respectively. The utilization factor (UF) is defined as the distance
fraction that is powered by electricity whereas (1-UF) represents the fraction of travel powered by
gasoline [18]. For BEVs, the UF equals to 1 while that for PHEVs is assumed as 40% in this paper based
on the assumption by Hou, Wang and Ouyang (2013) [18]. Similar methodology is applied to calculate
GHG emissions. The Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation
Model (GREET) [19] is used to calculate the energy consumption and GHG emissions in the fuel cycle.

Wind Solar

5% 1%
Nuclear Hydro

0,
4% 18%

Coal
72%

Figure 1. The electricity profile of China in 2017.

Table 1. The fuel efficiency of each vehicle technology.

Fuel Efficiency Qin 300 (BEV)  Qin 80 (PHEV)  Qin 450 (BEV) Qin 100 (PHEV)
Fuel efficiency (electricity)
(kWh,/100 km) 15.3 18.39 15.0 16.8
Fuel efficiency (gasoline) ) )
(L/100 knn) 5.88 6.01

2.3.2. The Vehicle Cycle

As shown in Table 2, the vehicle and battery related parameters are provided by the car
manufacturer, or assumed after personal communication with the car marker and car users.

Table 2. The key parameters of representative vehicles.

Parameters Qin 300 (BEV)  Qin 80 (PHEV)  Qin 450 (BEV)  Qin 100 (PHEV)
Battery type LFP LFP NMC NMC
Total weight (kilogram, kg) 1950 1760 1950 1785
Battery weight (kg) 494 177 444 183
Battery capacity (kWh) 47.5 15.2 60.5 17.1
Capacity density (Wh/kg) 92.6 85.9 140.7 93.4
All-electric range (km) 300 80 400 100
Lifetime mileage (km) ! 160,000 160,000 120,000 120,000

! The lifetime mileage is assumed by the author after personal communication with the car marker and some
vehicle owners.

The vehicle cycle includes five phases: material production and the vehicle production, the vehicle
assembly, the transportation of the vehicle, the maintenance service and the end-of-life stage.

As for the material production and the vehicle production stage (the vehicle production, for short),
the inventory of pre-manufacturing, such as the raw material extracting and processing, is based
on published studies and reports [9,19-22], and GaBi software [23], which is an LCA computational
platform and accommodates thousands of background processes and elementary flows. This paper
splits the vehicle into three parts: the vehicle body (excluding the battery and fluids), the battery and
the fluids (including engine oil, brake fluid, transmission fluid, powertrain coolant, and wiper fluid);
production-related inputs and outputs of each part are specified. Table 3 contains the list of materials
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for each vehicle technologies, and the material breakdown of vehicle body and fluids is based on
the reports given by Sullivan and Gaines (2010) [24] Mayyas, et al. (2012) [25] while that of battery
packs is based on estimations given by Peters, Baumann, Zimmermann, Braun and Weil (2017) [20],
Peters and Weil (2018) [21], Majeau-Bettez, Hawkins and Str Mman (2011) [22]. It is noted that the
main composition difference between BEVs and PHEVs is the powertrain, where a PHEV consists
of both an electric motor and internal combustion engine, while a BEV is exclusively propelled by
the electric motor. In the manufacturing phase, main material transformation processes of the vehicle
body are considered, including the stamping, casting, forging, extrusion, and machining, and the
inventory is estimated on the basis of previous reportedly data [24-27]. In terms of the battery packs,
extensive studies have focused on the cell manufacturing and pack assembly stage. Among these
studies, the modelling approach of energy demand (one is to allocate the total energy demand of a
plant by its output; another is to use data from theoretical considerations for specific processes) is
identified as a major cause of deviated results [20]. However, this comparative analysis will not be
affected much by the modelling approach when these vehicles come from the same manufacturing
plant. Therefore, we estimate the values based on an LCA review study reported by Peters and
Weil (2018) [21]. By following these steps, the energy and GHG emissions associated with vehicle
production stage are calculated by using GaBi software.

The assembly stage mainly includes stamping, welding, final assembly, injection molding,
and painting. The production of heating, ventilation and air conditioning are not included in the
comparative study since almost the same products are used for these different vehicles. In the assembly
process, the energy consumption and GHG emissions are based on Mayyas, Omar, Hayajneh and
Mayyas (2017) [25], J. L. Sullivan (2010) [28], Papasavva et al. (2002) [29].

The transportation of the vehicle includes two parts, from the production plant to the service
shop, and from the maintenance shop to the dismantling sites [21]. The distance is set as 1600 km and
500 km, respectively, and diesel is assumed to be used in the road transportation.

Concerning the maintenance and replacement, we make assumptions based on previous studies,
our communication with vehicle users and field investigation in the automobile service factory.
As shown in Table 4, it is assumed that the tires and the engine oil should be replaced every 62,500 km,
6250 km, respectively and the wiper fluid, brake fluid, and powertrain coolant are completely
consumed every 12,500 km, 62,500 km, and 62,500 km, respectively. In this paper, it is assumed
that only one transmission oil is replaced during the life cycle of the car and the lifetime of the battery
equals the lifetime of the vehicle.

For the end-of-life stage, this paper considers the energy consumption in the disassembly process
and the avoided energy by recycling steel, aluminum, copper, and iron. Although batteries contain
some valuable metals that need to be recycled, huge uncertainties exist when recycling activities are
not conducted at a large scale. Additionally, most studies conclude that the end of life phase makes a
small contribution to the whole life cycle [30-32]; therefore, we disregard the battery recycling in the
baseline scenario but discuss it in the following sensitivity analysis. Besides, it is assumed that fluids,
glasses and other non-metal materials are not recycled for their relatively cheap price. The energy
consumption and regeneration rates are shown in Table 5, which are based on the recycling inventory
reported by De Kleine et al. (2014) [33], Ruan et al. (2010) [34].
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Table 3. The material component and the mass percentage of each vehicle technology (Unit: kg).
Vehicle Part Component Qin 300 Qin 80 Qin 450 Qin 100 Battery Component Qin 300 Qin 80 Qin 450 Qin 100

Steel 943.41 1021.48 976.61 1034.08 Positive active material 97.63 34.98 82.12 33.85

Cast Iron 28.42 81.66 29.42 82.66 Carbon black 5.61 2.01 4.72 1.94

Aluminium 92.35 100.15 95.6 101.38 Cathode Polytetrafluoroethylene (PTEF) 8.98 321 7.55 3.12
The vehicle Copper 66.78 66.25 69.13 67.07 N- Methyl pyrrolidone (NMP) 31.42 11.26 26.43 10.89
body Glass 49.73 46.22 51.48 46.79 Aluminium 16.28 5.83 14.64 6.04
Plastic 171.92 163.31 177.97 165.33 Graphite 34.38 12.32 36.33 14.97

Rubber 25.57 26.19 26.47 26.51 PTEF 1.81 0.65 1.92 0.79

Others 42.62 29.27 44.12 29.63 Anode NMP 10.14 3.63 10.71 4.42
In total 1420.8 1534.53 1470.8 1553.45 Copper 37.55 13.45 33.77 13.92

Engine oil 0 3.9 0 3.9 Lithium Hexafluorophosphate 6.51 2.34 5.86 242

Brake fluid 0.9 0.9 0.9 0.9 Electrolyte Ethylene carbonate 23.89 8.56 21.48 8.85

Transmission fluid 0.8 0.8 0.8 0.8 Dimethyl carbonate 23.89 8.56 21.48 8.85

Fluids Powertrain coolant 7.2 10.4 7.2 104 Separator Polyethylene 7.46 2.67 6.72 2.77
Wiper fluid 27 27 2.7 2.7 Polypropylene 7.46 2.67 6.72 2.77

Additions 13.6 13.6 13.6 13.6 Polypropylene 20.93 7.50 18.92 7.80
In total 25.2 32.3 25.2 32.3 Shell Aluminium 146.48 52.48 132.43 54.58

Copper 6.79 2.44 6.10 2.52

BMS Steel 543 1.94 4.88 2.02

Circuit board 1.36 0.49 1.22 0.50

In total 1446 1566.83 1496 1585.75 In total (Battery) 494 177 444 183

Total 1950 1760 1950 1785
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Table 4. The maintenance and replacement of vehicle materials.

Component Qin 300 Qin 80 Qin 450 Qin 100
Tires 3 3 2 2
Engine oil 26 26 20 20
Wiper fluid 13 13 10 10
Brake fluid 3 3 2 2
Powertrain coolant 3 3 2 2
Gearbox 1 1 1 1
Battery X X X X

Table 5. The energy consumption in the end-of-life stage.

Energy Consumption Steel Aluminum Copper Iron
Coal (kg/kg) - - - -
Diesel fuel (kg/kg) - 0.000031 - -
Petrol (kg/kg) - 0.000049 - -
Natural gas (m3/kg) 0.0066 0.0047 - -

Electricity (kWh/kg) 1.18 0.22 2.65 0.62

Regeneration rate (%) 85.00 85.00 90.00 80.00

3. Results

In this section, the performances of different vehicle technologies are presented. The results of the
fuel cycle are calculated in per km, while results of the vehicle cycle are firstly presented in the unit of
per vehicle and then presented as per km by dividing the lifetime mileage of vehicles.

3.1. Fuel Cycle

Based on previous studies, the energy consumption and GHG emissions for BEVs and PHEVs in
the fuel cycle are found to be primarily affected by the energy conversion efficiency, carbon intensity
of fuels and the fuel efficiency of vehicles.

3.1.1. WTT Stage

In the WTT stage, terminal fuels are produced after primary energy acquisition and processing,
transportation, power generation, transmission and distribution. As shown in Table 6, energy
consumption and GHG emissions from gasoline and electricity production in China are calculated.
The energy conversion efficiency of gasoline is about 88.4% while the calculated energy conversion
efficiency of electricity is about 43.3%. Fossil energy consumption accounts for 86.31% of the total
energy consumption in electricity production and is dominated by coal consumption. The calculated
results are similar to previous studies [35]. Notably, the electricity used to power BEVs comes from a
more energy and emission intensive source than gasoline in China. The production of 1 MJ electricity
is 2.04 times higher energy demand than that of gasoline, along with 9.51 times more GHG emissions.

Table 6. The energy and emission intensities of gasoline and electricity production in 2017.

Fuel Type Energy Intensity (M]/M]J) GHG Emissions Intensity (g CO2-eq/M]J)
Gasoline 1.13 20.88
Electricity 231 198.65

3.1.2. TTW Stage

Based on the real-world fuel efficiency of EVs and the Equation (1), the energy required for BEV is
0.648 MJ /km and 0.635 MJ /km for LFP powered and NMC powered vehicles, respectively, whereas the
corresponding energy consumption is 1.409 MJ/km and 1.406 MJ/km for PHEVs, that is about 2 times
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more energy is required for PHEVs to drive the same distance, relative to that of BEVs. In addition,
PHEVs emit 113.92 g/km GHG emissions due to the use of gasoline in the TTW stage while no tailpipe
emissions are exhausted in this stage for BEVs.

3.1.3. The Entire Fuel Cycle

In the overall perspective of the fuel cycle, the energy consumption and GHG emissions of PHEVs
are higher than those of BEVs, as shown in Figure 2. The total energy consumption in the fuel cycle of
BEV (LFP) is 1.50 MJ/km with 128.80 g/km GHG emissions, while that of PHEV (LFP) is 1.96 MJ/km
with 190.58 g/km GHG emissions. The energy consumption of BEV (NMC) and PHEV (NMC) is
1.47 MJ/km and 1.92 M]/km, along with 120.71 g/km and 185.86 g/km GHG emissions, respectively.
It can be observed that BEVs have about 30% energy reduction benefits and about 50% GHG emission
mitigation benefits relative to PHEVs in the fuel cycle.

As for the same vehicle technology coupled with different batteries, NMC-powered vehicles have
more energy and emission reduction benefits compared with LFP-powered vehicles in the fuel cycle
but the difference is negligible compared with the differences associated with the vehicle technology.
It is worth noting that since the rank of batteries heavily relies on the assumed fuel efficiency, which
is closely related to other vehicle characteristics; more information and detail analysis are required
before the general conclusion is made.

2.40 4 W WTT(Energy) [ WTT (GHG emissoins) - 240.00
TTW (Energy) TTW (GHG emissions)

2.00 -1 200.00

1.60 -1 160.00

= 1.20 - 120.00

0.80 - 80.00

Energy consumption in the fuel cycle (MJ/km)
GHG emissions in the fuel cycle (g CO,-eq/km)

0.40 - 40.00

0.00 A |

0.00
BEV |

PHEV BEV PHEV

LFP NMC

Figure 2. The energy consumption and GHG emissions in the fuel cycle.

3.2. Vehicle Cycle

3.2.1. Vehicle Body Production

Specifically, the vehicle body production accounts for a large proportion in terms of energy
consumption and GHG emissions. The energy consumption of the vehicle body production is
57,600 MJ/vehicle, 60,000 MJ/vehicle, 62,400 MJ/vehicle and 62,400 M]J/vehicle for BEV (LFP),
BEV(NMC), PHEV (LFP) and PHEV (NMC), respectively, and the corresponding proportion in
the vehicle cycle is 35.13%, 33.48%, 48.59%, and 46.16%. Similarly, the GHG emissions from the
vehicle body production are 3982 kg /vehicle, 4240 kg/vehicle, 4189 kg/vehicle and 4306 kg/vehicle,
accounting for 33.99%, 31.35%, 47.17% and 44.08% for the above order of vehicles. Since PHEVs are
heavier than the equivalent BEVs and the extra mass mainly comes from the internal combustion
engine, the higher proportion of the vehicle body production for PHEVs could be attributed to the
production of the internal combustion engine.
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3.2.2. Battery Production

The energy consumption and GHG emissions from the battery production process also account for
a large proportion of the vehicle cycle. The energy required to produce a battery is 50,920 MJ /vehicle,
67,566 MJ/vehicle, 18,245 MJ/vehicle and 27,848 MJ/vehicle, respectively. The associated GHG
emissions of 3369 kg/vehicle, 5113 kg/vehicle, 1207 kg /vehicle and 2108 kg/vehicle, accounting for
28.76%, 38.26%, 13.43% and 21.58% of the total vehicle cycle. Due to the range limitation, heavier
batteries are needed for BEVs than for PHEVs, and hence more energy is required to produce the
battery, leading to more GHG emissions. For BEVs, the energy and emission contribution of the battery
production are similar to those of the vehicle body production while the battery production for PHEVs
contributes less than that for producing the vehicle body.

For the same vehicle technology with different battery chemistries, the energy consumption of
NMC battery production is 152 MJ/kg coupled with 11.52 kg/kg GHG emissions, i.e., higher than that
of an LFP battery with 103 MJ/kg energy consumption and 6.82 kg/kg GHG emissions. The difference
is mainly because of the energy-intensive production process of the high cobalt-containing cathode of
the NMC battery.

3.2.3. Fluids Production

The energy consumption and GHG emissions in the fluids production stage account for the
smallest share of the vehicle cycle. About 1492.83 MJ/vehicle energy is consumed for BEVs compared
with 1769.86 MJ /vehicle for PHEVs, along with 72.82 kg /vehicle and 91.43 kg /vehicle GHG emissions
for BEVs and PHEVs, respectively; only about 1% of the energy and emissions contributes to the fluid
production. Besides, PHEV consumes relatively more energy to produce fluids, mainly because of the
additional needed for engine oil.

3.2.4. Assembly Stage

When it comes to the vehicle assembly stage, the energy consumption ranges from
20,376 M]J/vehicle to 22,301 MJ/vehicle for BEVs and PHEVs, with the GHG emission about
1800 kg/vehicle for BEVs and 1900 kg /vehicle for PHEVs. The higher energy requirement is associated
with the heavier vehicle mass of PHEVs.

3.2.5. Transportation Stage

As for the transportation stage, 4077 M]/vehicle energy is required for BEVs, along with
292 kg /vehicle GHG emissions while an average of 3706 M] /vehicle energy is required for PHEVs,
along with about 265 kg/vehicle GHG emissions. The transportation stage accounts for about 2.5% of
the vehicle cycle energy consumption for all these four vehicle technologies.

3.2.6. Maintenance Stage

In the maintenance stage, 7640.03 M] / vehicle and 5567.87 MJ/vehicle energy are needed for BEVs
and 13,353.11 MJ/vehicle and 9942.62 M]/vehicle for PHEVs; 505.72 kg /vehicle and 356.92 kg /vehicle
are emitted from BEVs and 860.44 kg /vehicle and 628.05 kg /vehicle from PHEVs. PHEVs consume
more energy than BEVs, since more fluids need to be supplied for PHEVs. Besides, LFP-powered
vehicles need more replacement and consequently consume more energy than the NMC counterpart
due to the longer lifetime mileage.

3.2.7. End of Life Stage

In the end-of-life stage, the energy required to dispose of the vehicles is counted, as well as the
avoided energy by reusing some recycled metals in the production stage. The energy and emissions in
the end-of-life stage are shown in Table 7.
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Table 7. Energy consumption in the end-of-life stage.

Energy Consumption BEV (LFP) PHEV (LFP) BEV (NMC) PHEV (NMC)
Energy consumption
(M] /vehicle) 36,627.84 23,295.15 34,738.78 23,743.08
The avoided energy
(M /vehicle) —14,791.90 —16,346.10 —15,312.50 —16,547.70
Net value (M]/vehicle) 21,835.93 6949.04 19,426.32 7195.39

3.2.8. Unit-Based Results in the Vehicle Cycle

In the vehicle cycle, the energy consumption of BEV (LFP), BEV (NMC), PHEV (LFP) and
PHEV (NMC) is 163,941 M]J/vehicle, 179,199 M] /vehicle, 128,433 MJ /vehicle and 135,188 M]/vehicle,
coupled with the GHG emissions of 11,712 kg/vehicle, 13,363 kg/vehicle, 8989 kg/vehicle and
9768 kg /vehicle, respectively.

As mentioned before, the lifetime mileage for LFP powered vehicles is about 160,000 km, while
that for NMC powered vehicles is 120,000 km. As shown in Figure 3, LFP-powered BEVs consume
1.02 MJ/km, 27.65% higher than the LFP-powered PHEVs, with 0.80 MJ/km energy consumption.
NMC-powered BEVs consume 1.49 MJ/km, 32.55% higher than NMC-powered PHEVs, whose energy
consumption in the vehicle cycle is 1.13 MJ/km. The corresponding GHG emissions are 73.20 g/km,
56.18 g/km, 111.36 g/km and 81.40 g/km for BEV (LFP), BEV (NMC), PHEV (LFP) and PHEV (NMC).

— | B Vehicle body B
_\5 1.60 Battery 160.00A
> ] [ Fluids r £
& 1.40 - Assembly -140.00%
8 Transportation 4
> 1 Maintenance I 8
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Figure 3. Energy consumption and GHG emissions in the vehicle cycle.
3.3. The Life Cycle

The entire life cycle energy consumption of BEV (LFP), BEV (NMC), PHEV (LFP) and PHEV
(NMC) is 2.52 MJ /km, 2.96 M] /km, 2.76 MJ /km and 3.05 MJ /km, respectively, along with 201.94 g/km,
237.57 g/km, 255.08 g/km and 275.46 g/km GHG emissions. About 20% GHG saving for LFP-powered
BEVs is found compared with LFP-powered PHEVs and NMC-powered BEVs have 13.75% GHG
emission reduction compared with their PHEV counterparts.

According to Table 8, where the contribution analysis of various processes is presented, the fuel
cycle for BEVs has a similar share compared with the vehicle cycle in the life cycle energy consumption
and a slightly higher proportion in terms of the life cycle GHG emissions; the fuel cycle is the dominant
stage of the life cycle energy and emissions for PHEVs.
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Table 8. Energy consumption and GHG emissions in the life cycle.

Vehicle Type Fuel Cycle Vehicle Cycle Total
Energy or GHG Energy GHG Energy GHG Energy GHG
Emissions (MJ/km) (g COz-eq/km) (MJ/km) (g COz-eq/km) (MJ/km) (g COz-eq/km)
BEV (LFP) 150 (59.52%)  128.73 (63.75%)  1.02 (40.48%)  73.20 (36.25%) 252 201.93
PHEV (LFP) 196 (71.01%) 198.90 (77.98%)  0.80 (28.99%)  56.18 (22.02%) 2.76 255.08
BEV (NMC)  147(49.67%) 12621 (53.13%)  1.49 (50.33%)  111.36 (46.87%) 2.9 237.57
PHEV (NMC) 1.92 (62.95%)  194.05 (70.45%)  1.13 (37.05%) 81.40 (29.55%) 3.05 275.46

4. Sensitivity Analyses

Sensitivity analyses are conducted to explore how the life cycle energy consumption and GHG
emissions will be influenced by the uncertainty of key parameters, including the electricity mix, driving
distance, and the recycling activities. In addition, break-even points between BEVs and PHEVs have
been analysed.

4.1. Sensitivity Analysis of Electricity Profile

To achieve higher energy and emission reduction benefits, the shares of non-fossil power in the
electricity mix should increase to a higher level. China has already introduced relevant policies and
measures to develop a low-carbon electricity mix. For example, “The 13th five-year plan for electric
power (2016-2020)" has proposed that the installed capacity of non-fossil fuel will be about 770 million
kilowatts in 2020, accounting for about 39%, and the installed capacity of natural gas accounts for
more than 5% while that of coal will decrease to about 55%. Based on relevant policies and previous
studies, this study projects the electricity supply structure of China in the near future (2020) and in the
long-term future (2030), as shown in Figure 4.

Solar
Wind 19
4% __

Nucle
5%,

(a) (b)

Figure 4. (a) The electricity profile of China in 2020; (b) The electricity profile of China in 2030.

Power generation technologies in 2020 are assumed to be at the same level as in 2017, but in 2030,
advanced technologies and highly efficient equipment are expected to be implemented to improve
the energy conversion efficiency and control the pollution emissions. Therefore, this study assumes
the energy consumption and GHG emissions would be 10% less than the predicted baseline power
generation mix in 2030. The energy and emission intensities of Chinese electricity in 2020 and 2030
are calculated by using the GREET model and the results are shown in Table 9. Therefore, the GHG
emissions from power generation are 19.25% and 27.32% lower in 2020 and 2030 than those in 2017.
Since the gasoline production technology is relatively mature, this study assumes that the gasoline
production-related GHG emissions from in 2020 and 2030 will be the same as those in 2017.
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Table 9. Energy and emission intensities of power generation in 2020 and 2030.

.. 2030
Energy or GHG Emissions 2017 2020 2030 (Advanced Technologies)
Energy consumption (M]J/M]J) 231 2.25 212 191
GHG emissions (g/M]J) 198.65 182.34 160.41 144.37

As shown in Table 10, BEVs will generally achieve 6% and 9% emission reduction in 2020 and
2030, compared with 2017. The reduction benefits for PHEVs are lower, which are about 2.75% in 2020
and 3.80% in 2030. Clearly, the GHG emission differences between the BEVs and PHEVs expand to
31.40% (LFP) and 19.79% (NMC) in 2020. In 2030, the attractiveness of BEVs will be more prominent in
that the emission reduction benefits of BEVs are expected to be 25.76% (NMC) — 40.00% (LFP) relative
to PHEVs. In fact, if the electricity generation moves to a lower-emission intensity, the advantages of
BEVs would be more remarkable.

Since China demonstrates a large amount of diversity in the electricity profiles, the conclusion may
not be valid in all cities. Therefore, the break-even point is calculated to present in which cases BEVs
outperform PHEVs in terms of the GHG emissions. Results obtained from break-even point analysis
show that GHG emission intensity below 973.80 gCO,-eq/kWh and 815.00 gCO,-eq/kWh would make
LFP- and NMC-powered BEVs, respectively, favorable options. According to Bauer et al. (2015) [36],
where regional electricity profiles in China are analyzed, north, northeast, east, and northwest have
about 900.00 gCO,-eq/kWh GHG emission intensities in 2012 and cities like Beijing are estimated to
have over 900.00 gCO,-eq/kWh in 2020. Therefore, it is possible that PHEVs are currently preferable
in parts of cities in China.

Table 10. The life cycle energy consumptions and GHG emissions in the 2020 and 2030 scenarios.

Year 2017 2020 2030
Energy or GHG Energy Emissions Energy Emissions Energy Emissions
Emissions (M]/km) (g COz-eq/km)  (MJ/km) (g COz-eq/km) (MJ/km) (g COz-eq/km)
BEV (LFP) 2.52 201.94 2.47 188.71 2.19 157.93
Change - - —1.98% —6.55% —13.10% —21.79%
PHEV (LFP) 2.76 255.08 2.73 247.94 2.35 226.96
Change - - —1.09% —2.80% —14.86% —11.02%
BEV (NMC) 2.96 237.57 291 223.75 2.61 191.61
Change - - —1.69% —5.82% —11.82% —19.35%
PHEV (NMC) 3.05 275.46 3.02 268.03 2.63 246.28
Change - - —0.98% —2.70% —13.77% —10.59%

4.2. Sensitivity Analysis of Driving Distance

The driving distance in this part includes two parts: the lifetime mileage and the all-electric
ranges within one charging period. Because EVs have just come onto the market, real world data of
lifetime mileage are unavailable. As stated in Table 2, the parameter of lifetime mileage is assumed
and thus uncertainty is inevitable. Besides, PHEVs are able to use the battery in electric mode and
consume gasoline when the battery charge is depleted [11]. Since the electric mode saves more energy
with a lower fuel cost, drivers are often encouraged to use electricity as often as possible within the
all-electric range. Therefore, the assumption of the travel distance for single travel and the all-electric
range limitation are important parameters for the energy use and GHG emission rate of PHEVs.

4.2.1. Sensitivity Analysis of Lifetime Mileage

In the baseline scenario, the lifetime mileage is assumed to be a certain value and remains the
same for BEVs and PHEVs provided that they use the same battery type. To deal with the uncertainty
of the lifetime mileage, this parameter is considered as any value within an interval, and the range
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of life cycle GHG emissions of each vehicle is calculated accordingly. The equation of life cycle GHG
emissions is shown as Equation (2).

GHG (vehicle cycle);

GHG (life cycle); = L + GHG (fuel cycle); ()

rl

where i relates to BEV-LFP, BEV-NMC, PHEV-LFP and PHEV-NMC; r; represents the
lifetime mileage of each vehicle, with the assumed range of [120,000 km, 160,000 km];
GHG (lifecycle);, GHG (vehicle cycle); and GHG (fuel cycle); represent GHG emissions of each
vehicle for the life cycle, vehicle cycle and fuel cycle, respectively.

The calculated ranges of life cycle GHG emissions for each vehicle are shown in Table 11. Since
the minimum emissions of PHEVs exceed the maximum values of their counterpart BEVs, it is highly
likely that BEVs outperform PHEVs from the life cycle perspective.

Table 11. The calculated range of life cycle GHG emissions for each vehicle.

GHG Emissions BEV (LFP) PHEV (LFP) BEV (NMO) PHEV (NMCO)
Minimum (g CO,-eq/km) 201.93 255.08 209.73 255.10
Maximum (g CO;-eq/km) 226.33 273.81 237.57 27545

4.2.2. Sensitivity Analysis of All-Electric Range

The all-electric ranges for one charging period for our representative vehicles are reported as
300 km, 400 km for BEVs and 80 km, 100 km for PHEVs. Under real-world driving conditions, 80%
depth discharge is always applied. Therefore, we assume that 80% of the reported ranges are reached
within each driven trip. The UF for PHEVSs can be assumed as follows:

1, 0 < Rppp < 64;
F(R =
UF(Rerp) { 64/Rrrp, Rrpp > 64 ©)
1, 0 < Rnmc < 80;
UF(R = 4
(Rnmc) { 80/Rnmc, Rymc > 80 @)

where UF(R;rp) and UF(Rypc) represent the UF of LFP-powered and NMC-powered PHEVs,
respectively; Ry rp and Rysc represent the travel distances for each time.

Since BEVs are only able to use electricity to propel the vehicles, the life cycle energy use and GHG
emissions on the basis of per km will not change. Our results show that for LFP-powered vehicles,
as long as the driven distance is below the range limitation of BEVs (300 km), the BEV has lower
life cycle emissions than the PHEV. For NMC-powered vehicles, when the driven distance is below
80 km, the life cycle GHG emissions is 222.76 g CO;-eq/km for the PHEV, 6.65% less than the life
cycle emissions of the BEV. When the driven distance is higher than 80 km but less than 96.34 km,
the per-km-based emissions result for the PHEV increases with the distance, but is still below that
of the BEV. Therefore, the break-even point for UF(NMC) is 0.83, at the point that the travel distance
reaches 96.23 km. Additionally, it is highlighted that PHEVs would be the option when the travel
distances exceed the range limitation of BEVs.

4.3. Sensitivity Analysis of the Recycling Process

Although battery recycling activities are still in their infancy and huge uncertainties are related
to the recycling techniques, it is widely believed that traction batteries are worthy of recycling and
reusing, both from the environmental perspective and the cost-benefit view. Based on previous studies,
the NMC batteries, which contain high cobalt and nickel, are expected to be recycled and about 50%
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energy for the battery’s primary production is reported to be saved. However, the LFP batteries are
hardly reused since the lithium metal is relatively abundant and cheap [37-41].

In this sense, we explore whether the consideration of recycling of batteries would considerably
change the results. Here, we assume 30% energy saving for NMC batteries in the battery production
process and 10% for LFP, as part of lithium, nickel, and aluminum are also recyclable. Considering
the battery recycling, the life cycle energy consumption and GHG emissions of four vehicle types are
shown in Figure 5:

300.00

250.00
200.00
150.00
100.00
50.00
0.00

BEV (LEP) PHEV (LFP) BEV (NMC) PHEV (NMC)

Life cycle GHG emissions (g CO,-eq/km)

M Life cycle GHG emissions without the battery recycling

M Life cycle GHG emissions with the battery recycling

Figure 5. Life cycle GHG emissions with battery recycling.

Notably, battery recycling offers some environmental benefits to electric vehicles, but such a
contribution accounts for little in the life cycle. Since heavier batteries are installed in BEVs, relative
to PHEVs, more environmental benefits could be achieved through battery recycling. Therefore,
the superiority of BEVs is further confirmed. Besides, although NMC-powered vehicles have
greater emission reduction, they are still not able to exceed the LFP-powered ones in terms of GHG
emission performance.

In general, sensitivity analyses have been performed concerning future electricity generation
pathways (2020 and 2030), lifetime mileage, travel distance and UF, and expended system boundary of
the recycling stage. The main conclusions can be summarized as follows:

(1) As long as the emission intensity of the power generation is less than 815.00 g CO,-eq/kWh,
BEVs are more competitive than PHEVSs for both batteries in terms of GHG emissions.

(2) When the lifetime mileage is within 120,000 km to 160,000 km, which is reasonable for vehicles,
BEVs emit less GHG emissions than PHEVs. In terms of the travel distance at each time, LFP-powered
BEVs are superior to PHEVS, as long as the distance is below the range limitation, while NMC-powered
PHEVs are better if the driven distance during single travel is under 96.23 km; at this point, the UF
is 0.83.

(3) The impacts of battery recycling are found to be small from the life cycle perspective.

5. Conclusions

In this work, a comprehensive life cycle analysis is conducted to compare BEVs and PHEVs. This
analysis is divided into two parts: fuel cycle and vehicle cycle, performed with two different battery
chemistries cases: LFP and NMC, and framed to China. The main conclusions are drawn as follows:

(1) BEVs are currently better choices than PHEVSs, in terms of energy consumption and GHG
emissions. Specifically, BEVs have 3.04% (NMC) to 9.57% (LFP) energy mitigation benefits and 15.95%
(NMC) to 26.32% (LFP) emission reduction benefits compared to PHEVs.
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(2) The fuel cycle and vehicle cycle have similar contributions to the life cycle emissions for BEVs
while the fuel cycle is the dominant emission stage for PHEVs.

(3) Through sensitivity analyses, the superiority of BEVs is further confirmed as BEVs have lower
GHG emissions than PHEVs in the vast majority of cases. In this study, NMC-powered PHEVs might
be preferable if the GHG emission intensity is higher than 815.00 g CO,-eq/kWh, or when the driven
distance at a single travel is over 96.23 km.

While this study provides a comprehensive life cycle environmental performance comparison,
some limitations remain.

(1) Although the selected vehicles are believed to be representative, a larger number of vehicles
should be considered to confirm the robustness of the results.

(2) Another source of variability in the results relates to battery lifetime assumptions. Since there
is no practical evidence regarding the lifetime of batteries and the uncertainty relates to use patterns,
future research should pay more attention to these aspects.

(3) Since GHG emission reduction is the main purpose of developing electric vehicles, other
potential environmental impacts are disregarded in this study. If a more comprehensive comparison is
desired, other impacts should be included.
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