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Abstract: Electrified vehicles (xEV), especially the battery electric vehicle (BEV), are burgeoning and
growing fast in China, aimed at building a sustainable, carbon-neutral future. This work presents
an overview and quantitative comparison of the carbon-neutral vehicles fuel options based on
the well-to-wheel (WTW) analysis. A more intuitionistic figure demonstrates the fuel options for
greenhouse gas (GHG) emissions and describes the sustainability. Electricity and hydrogen shift the
tailpipe emissions to the upstream process, forming larger WTW emissions from a fuel cycle view.
The electricity WTW GHG emission reaches as much as twice that of gasoline. However, the high
efficiency of the electric drive system improves the WTW emission performance from a vehicle view,
making the lowest WTW emission of BEV. The fuel options’ technical and environmental perspectives
are presented. Finally, long-term carbon-neutral vehicle development is discussed.
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1. Introduction

Confronted with greenhouse gas (GHG) emission concerns and the adherence to
petroleum fuel, the national and local government of China had introduced a series of
policies and incentives to speed up the new energy vehicles’ (NEV) commercialization [1].
As a result, the NEV, including battery electric vehicles (BEV), plug-in hybrid electric
vehicles (PHEV), and fuel cell electric vehicles (FCEV), presents strong, alternative solu-
tions. Compared to the total sales of 1.2 million in 2019, the NEV sales in 2020 reached
1.3 million [2]. Occupying almost half the population of total BEVs, China is the largest
BEV market in the world. The trend towards a sustainable and renewable energy future is
being accelerated.

Traditional vehicles are propelled by an internal combustion engine (ICE), which con-
sumes petroleum fuel, such as gasoline or diesel. Despite the fact that their transmissions
can adjust the ICE operating points to improve the ICE’s energy conversion efficiency,
the varying propulsion power and the ICE combustion characteristics govern the ICE’s
inefficiency operation and significant tailpipe emissions. The hybrid electric vehicles (HEV)
combine two or more power sources, such as the ICE and battery energy storage system
(ESS), to further optimize the ICE operating points with improved fuel efficiency and emis-
sions, and there is further energy efficiency improvement by recapturing part of the braking
energy [3]. These distinct features fully utilize the HEV’s potential to reduce petroleum
fuel consumption and GHG emissions. Furthermore, with an increased battery ESS and
stronger electric drives, the plug-in HEV (PHEV) and Range-Extender EV (RE-EV) can be
charged using clean grid power and can complete more demanding driving cycles using
the electric drive alone [4]. These PHEVs and RE-EVs can fully utilize the well-established
refueling infrastructure, quick developing charging infrastructure, efficient electric drive,
and rapidly improving battery technology, making them the best powertrain solution
at present.
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Discarding the ICE and the complex mechanical drive, the BEV uses battery ESS and
propulsion electric motor(s), which form a more efficient electric drive, to propel the vehicle.
The BEV is charged from the power grid, emitting zero emission onboard or no tailpipe,
which gives BEV its so-called name “zero-emission vehicle”. However, the emissions are
produced during power generation away from the city centers [5]. Therefore, the emission
of BEV is shifted or transferred away from the city, forming a significant GHG emission in
upstream [1,6]. The hydrogen fuel cell, functioning as an ICE, replaces the battery ESS to
provide electricity onboard, feeding the electric drive continuously. The quick refueling
of hydrogen mitigates the range anxiety of BEV. The more efficient fuel cell consumes
hydrogen to relieve the adherence to petroleum fuel of ICE-based vehicles. The tailpipe
of FCEV emits only water, making FCEV another type of “zero-emission vehicle”. The
primary hydrogen generation is the coal-based chemical industry, metallurgy industry, and
electrolysis [7]. A minor portion of electrolysis contributes to hydrogen generation, leading
to a higher GHG emission upstream [8].

Indeed, the fuel or energy consumed onboard is the downstream process, which
is the pump-to-wheel (PTW) cycle. On the other hand, fuel exploitation, refining, and
power generation come from the upstream process, which is the well-to-pump cycle.
Thus, WTP and PTW create the lifecycle view (i.e., well-to-wheel, WTW). Wang [9] et al.
compared gasoline, methanol, and hydrogen as fuel options for FCEV from the well-to-
wheel view, concluding that methanol reformation could be a promising fuel pathway for
the hydrogen fuel cell vehicle. Li [10] et al. presented the assessment of battery and fuel
cell vehicles using a WTW analysis. Using the current fuel pathways, Ref. [10] found that
BEV emitted significant GHG emissions in the well-to-pump stage, leading to the worse
GHG performance of BEV in operation mode C. Therefore, Li [10] et al. suggested cleaner
hydrogen production pathways and cleaner electricity power generation. Gupta [11]
et al. established the WTW cycle for heavy-duty vehicles, evaluated the 20% hydrogen
and compressed natural gas mixture fuel engine, and suggested that a cleaner hydrogen
feedstock was essential.

At present, the WTW analysis only focuses on several typical fuels or powertrain
solutions. In this work, we establish a platform allowing all types of fuel options and
powertrain solutions to be compared in one figure, using the Well-to-Wheel (WTW) method.

2. Methods and Data

To compare all kinds of fuel options equally, the energy-based unit is chosen to
describe the amount of fuel. Using the fuel low heating value, the energy-based unit can
be converted into the weight-based unit. For instance, one mega-joule of gasoline equals
23 g of gasoline, and one mega-joule of electricity equals 0.2777 kWh. Hence, gaseous fuel,
liquid fuel, and electricity can be compared in one platform. Using the well-developed
fuel pathways, the well-to-pump (WTP) GHG emissions, petroleum fuel consumption, and
fossil fuel consumption can be calculated by Equation (1):

{ GHGWTp(i) (l)fGHG(l)
1

PetrOWTp(i) l)fpetro i
FOSSilWTp(i) (l)fFossd(Z)

where, i is the fuel options, such as gasoline, diesel, hydrogen, or electricity. GHGwrp,
Petrowrp, and FossilyTp are the greenhouse gas emission, petroleum fuel consumption, and
fossil fuel consumption of fuel i during the WTP cycle, respectively. « is the different fuel
pathways portion for forming the ready-to-use fuel. forg, fretro, fEossit are the greenhouse
gas emission, petroleum fuel consumption, and fossil fuel consumption of fuel 7 at different
fuel pathways.

This research uses the China mix data in the Greenhouse gas, Regulated Emissions and
Energy use in Technology (GREET) model developed by Argonne National Laboratory [12]
to form the WTP cycle data.
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Equation (2) calculates the pump-to-wheel (PTW) cycle GHG emissions, petroleum
fuel consumption, and fossil fuel consumption:

GHGprw (i) = LB(i)T(i) * E(i)
Petroprw (i) = Y. B(i)P(i) * E(i) )
Fossilprw (i) = ¥ B(i)F (i) * E(i)

where, GHGprw, Petropryy and Fossilpryy are the greenhouse gas emission, petroleum fuel
consumption, and fossil fuel consumption of fuel i during the PTW cycle, respectively.
B is the different fuel pathways portion for forming the ready-to-use fuel. T, P, F are the
greenhouse gas emission, petroleum fuel consumption, and fossil fuel consumption of fuel
i at different fuel pathways. E is the fuel amount, which is one mega-joule of fuel in this
research. The recommended value of each fuel’s emission factor is derived from Ref. [13].
Combining the WTP and PTW cycle, the fuel options” WTW performance can be obtained:

GHGwrw (i) = GHGwrp(i) + GHGprw (i)
PetT’OWTw(i) = PEtT’OWTp(i) + Pet?’OpTw(i 3)
FOSSilWTw(i) = POSSilWTp(i) + FOSSilpTw(i)

3. Results and Analysis

3.1. Fuel-Based WTW Analysis

Using the low heating value of each fuel option and the GREET model of the China
fuel mix data, Table 1 gives the calculation results. In Table 1, all the comparisons and
results are calculated based on the consumption of one mega-joule (M]) of each fuel. Due
to the fact that not all the energy produced from the fuel is used to drive the vehicle, this
table only considers the fuel itself. Using gasoline as a benchmark, the other fuel options
are compared, as shown in Figure 1.

Table 1. Fuel-based WTW analysis.

Gasoline Diesel Hydrogen  Electricity Mix
Energy in a unit of fuel /M] 1.0 1.0 1.0 1.0
GHG emissions/g 19.5 15.6 95.2 196.5
WTP Petroleum fuel 1063.0 1049.0 8.6 362
consumption/kJ
Fossil fuel 1214.0 1186.0 1507.0 2048.0
consumption/kJ
GHG emissions/g 76.7 77.3 0.0 0.0
PTW Petroleum fuel 1000.0 1000.0 0.0 0.0
consumption/kJ
Fossil fuel 1000.0 1000.0 0.0 0.0
consumption/kJ
GHG emissions/g 96.2 92.9 95.2 196.5
WTW Petroleum 2063.0 2049.0 8.6 362
consumption/k]J
Fossil fuel 2214.0 2186.0 1507.0 2048.0
consumption/k]

3.1.1. Gasoline and Diesel

When consuming one mega-joule of gasoline fuel on board the vehicle, 1063 k] of
petroleum fuel has been consumed during the WTP stage due to petroleum fuel drilling,
exploitation, refining, and transporting. There is also 19.5 g of GHG emissions that have
been emitted in the WTP stage. During usage, there is 76.7 g of GHG emissions when
consuming one mega-joule of gasoline fuel. Therefore, the tailpipe emission of gasoline-
fueled vehicles dominates the WTW emission, accounting for 79.17 percent. The diesel fuel
shows the same trend as the gasoline fuel, while the PTW emission portion is 82.93 percent.
As Table 1 shows, gasoline and diesel fuel show a strong dependency on petroleum fuel:
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for one mega-joule of fuel consumed onboard, more than twice the amount of petroleum
fuel has been consumed from a WTW view.

GHG emissions/g Fossil fuel consumption/k]J
e Hydrogen |
ey Electricity NG
I Diesel I
I Gasoline NG

0 50 100 150 200 0 500 1000 1500 2000 2500

Figure 1. GHG emission and fossil fuel consumption comparison from the fuel-based WTW analysis.

3.1.2. Hydrogen and Electricity

Both hydrogen- and electricity-fueled vehicles are named zero-emission vehicles, with
zero PTW emissions, as shown in Table 1. Since power generation and hydrogen production
consume significant energy, the GHG emissions of hydrogen and electricity are shifted to
the upstream. Currently, the hydrogen fuel consumed by FCEV is produced by electrolysis
from grid electricity and by-production from the chemical industry. Therefore, the WITW
GHG emissions of hydrogen are slightly higher than gasoline and diesel. Increasing the
portion of clean power generation, including photovoltaic, wind power, hydropower,
and nuclear power, will improve the GHG emissions of hydrogen. At the same time,
hydrogen from electrolysis will benefit unstable clean power generation, such as seasonal
wind power and daily photovoltaic power. At present, coal power generation takes up
almost 70 percent of China’s grid electricity. Therefore, the GHG emissions of China’s
electricity are much higher, reaching 196.5 g/M]. Compared to gasoline and diesel, the
GHG emissions of one MJ of electricity constitute more than twice that of its counterpart.
On the other hand, the petroleum fuel consumption of electricity is only 1.75 percent
that of gasoline. Less petroleum fuel consumption relieves the dependency on petroleum
fuel import.

3.2. Vehicle-Based WTW Analysis

To better illustrate the GHG and petroleum fuel consumption under different fuel
options in China, an intuitive chart is presented in Figure 2. Several typical vehicles are
selected: Toyota MIRAI (FCEV), BYD Qin Pro (BEV), Toyota Corolla (Hybrid), Nissan
SYLPHY (Gasoline), Changcheng Pao (Diesel), and VW Teramont (Gasoline). The typical
vehicles’ fuel consumption performance is derived from XiaoXiongYouHao website: BYD
Qin Pro (16 kWh/100 km), Toyota Corolla (4.6 L/100 km), Nissan SYLPHY (7 L/100 km),
Changcheng Pao (11.8 L/100 km), and VW Teramont (12.4 L/100 km) [14]. Additionally,
Toyota MIRAI fuel consumption is assumed to be 1.2 kg/100 km, according to the EPA
website [15].

In Figure 2, there are two labels in the horizontal coordinate: the label with 3000/6000/9000
is used for gasoline and diesel fuel; the other labels (with 100/200/300 tricks) indicate
hydrogen and electricity. The slope of these lines represents the dependency on petroleum
fuel. A lower slope represents more dependency on petroleum fuel. The position of scatter
points in the vertical coordinate represents the GHG emission performance. The higher they
are towards an upright position, the worse the GHG emission performance. The Toyota
Corolla shows the most energy efficiency among the three gasoline vehicles, as the Toyota
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Corolla occupies the lowest vertical position. Despite the WTW GHG emission of electricity
being twice that of gasoline, the BYD Qin Pro has the best GHG emission performance,
with 114 g/km. Since the overall onboard efficiency of BEV is much higher than that of
the gasoline or diesel vehicle, most of the onboard energy of BEV can be used to drive the
vehicle. Due to the poor efficiency of the ICE, only a tiny portion of one M]J of gasoline
or diesel fuel can be used to drive the vehicle. Therefore, hydrogen fuel seems the most
promising solution. First, the hydrogen fuel GHG performance is comparable with gasoline
and diesel fuel, as shown in Table 1. Second, the fuel cell system’s onboard efficiency is
high enough to fully utilize the potential of hydrogen fuel, such as in the even GHG
emission performance of MIRAI and Qin Pro. Third, the hydrogen fuel’s consumption of
petroleum fuel is lower than that of electricity. Figure 1 shows that the MIRAI petroleum
fuel consumption is 10 k] /km, while the BYD Qin Pro consumes 21 k] /km. This lower
consumption of petroleum fuel further relieves the petroleum fuel import.

E ]
Y Hyd/ogen P
_S 400 — Biodiesel from Soybean Gasoline Diesel 7
3
1S
L
(j|:) 300 — |
[O) VW Teramont
E Ni LPHY CVT (Gas)
issan 8173, 383

2 <4ey,/2zg ™ ( )

200 — B

Toyota Mirai ChangCheng Pao (Diesel)
(10, 114) | (6626, 288)
100 — B
BYD Qin Pro Toyota Corolla E-CVT
(21, 114) (2984, 135)
| |
0 Other Fuels 100 200 300
Gasoline & Diesel 3000 6000 9000

Petroleum Fuel Consumption kJ/km

Figure 2. WTW analysis of fuel selections and vehicle visualization based on data from 2020.

4. Summary

Four fuel options are analyzed and compared based on GHG emissions, petroleum
fuel consumption, and fossil fuel consumption. Hydrogen and electricity emit more GHG
emissions in the PTW stage. However, the onboard efficiency of electric vehicles makes
up for this drawback. The ICE vehicle with an advanced hybrid electric powertrain
currently presents a very competitive solution in GHG emissions. The electric power
for an electrified vehicle should come from renewable and sustainable sources, such as
photovoltaic, wind power and hydropower, or low-emission nuclear power. Currently, the
coal power generation share of total electricity generation has decreased from 70.4% in
2018 to 67.8% in 2020. Cleaner power generation technology is burgeoning and growing, as
its share keeps on increasing in the total electricity generation. These developments could
benefit cleaner hydrogen fuel.
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