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Research on Diversified Technical Routes for Passenger Car Powertrains
Based on Dual Carbon Strategic Goals
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[Abstract] The strategic objectives of "carbon peaking" and "carbon neutrality" have brought significant challenges
for reducing carbon emissions from passenger cars. Therefore, formulating a technical route for carbon reduction in
passenger vehicles is a crucial task for the future sustainable development of the automotive industry. Firstly, it involves
analyzing data on new passenger car production, stock and scrap rate up to 2060, as well as carbon intensity data of
electricity industry. Subsequently, the carbon emission data from various power sources for passenger cars is compiled. An
analysis model is then established, along with evaluation dimensions and indicators, to assess passenger cars with different
power sources. Finally, the analysis focuses on the sensitivity of individual power technologies in reducing carbon
emissions. The findings indicate that pure electric vehicles (EVs), plug—in hybrids (PHEVs), and hybrid electric vehicles
(HEVSs) play a pivotal role in rapidly reducing carbon emissions to achieve "carbon peaking". Additionally, carbon—neutral
fuel power and fuel cell vehicle technologies demonstrate advantages in achieving "carbon neutrality". In conclusion,
achieving "carbon peaking" and "carbon neutrality" in powertrains requires a combination of multi- source technology
pathways within specific timeframes for implementation. Furthermore, transitioning policies and regulations from "double
credit" to"carbon credit" based on technology neutrality is essential to realize the dual-carbon technical route for passenger

cars.
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Abbreviation

EV Electric Vehicle

HEV Hybrid Electric Vehicle

PHEV  Plug in Hybrid Electric Vehicle

FCV Fuel Cell Vehicle

CAFC  Corporate Average Fuel Consumption
PC Passenger Car

CCUS  Carbon Capture, Utilization & Storage
ICE Internal Combustion Engine

H-ICE Hydrogen Internal Combustion Engine
N-ICE  NH; Internal Combustion Engine
SOC State Of Charge

REEV ~ Range Extend Electric Vehicle

BTE Brake Thermal Efficiency

0 Introduction

As greenhouse gas emissions especially CO, emission
continue to rise in recent decades, climate change has be-
come an increasing major concern among the large econo-
mies of the world. In 2021, the total carbon emissions
made by human being exceeded 36.3 Gt worldwide'", car-
bon emissions from China reached 10 Gt . "Carbon
Peaking" and "Carbon Neutrality" have become the com-
mon social responsibility of the world and will reshape
the landscape of energy—related industries. As such, the
transport sector, especially in China, is likely to be one of
the most affected sectors.

Transportation sector in China, like many other sec-
tors including commercial vehicles and passenger cars,
plays an essential role in reaching the carbon peaking
and carbon neutrality goals nationwide as automotive in-
dustry has been growing with booming economy. To ad-
dress dual carbon strategic goals in the transportation
sector, especially for passenger cars, automotive industry
across the country has continuously made solid efforts de-
veloping a wide variety of powertrains and electric drive
systems for energy—saving vehicles and New Energy Ve-
hicles (NEVs) ", including Hybrid Electric Vehicles
(HEVs), Plug in Hybrid Electric Vehicles (PHEVs), Elec-
tric Vehicles (EVs) and Fuel Cell Vehicles (FCVs). Cur-
rently, thanks to the plenty of double carbon policies at

the national level, variety of technical routes for power-
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trains and electric drive systems of low carbon vehicles
and zero emission vehicles, which contribute a great deal
to a low carbon society in China, have come into being ex-
ist. In the meantime, low carbon fuels and carbon neutral
fuels are also under intense research for future applica-
tion to contribute to low carbon powertrains. Chinese
NEV market continues to grow with penetration rate of
29.5% in 2023, and dominates the NEV market around
globe™.

In such context of complex, diversified powertrains
and electric drive systems both for energy saving vehicles
and NEVs, it is necessary to quantitative evaluate the in-
dividual powertrain and electric drive system technolo-
gies and to obtain in—depth comparison and understand-
ing for different powertrains and electric drive system
technologies within the same boundary conditions, in
terms of carbon peak value, cumulative carbon emission
value, carbon reduction rate and carbon neutral value.

This paper analyzes the data of current stock, pro-
duction as well as scrap rate of Passenger Cars (PC) up to
2060, utilizing the carbon emission intensity data of the
electric power generation industry, bringing the deep in-
sight into the carbon emission data of passenger cars with
diversified powertrains. To perform in— depth analysis
passenger car carbon emission, an analysis model with di-
versified powertrains, evaluation dimension and evalua-
tion index are created so as to analyze the decarboniza-

tion sensitivity of individual powertrain technologies.

1 Carbon Emission Targets for Passenger
Cars

According to research of the Institute of Climate Change
and Sustainable Development in Tsinghua University,
China’ s peak carbon emissions in 2030 are estimated to
be around 11 Gt, a 10% increase from 2020. By 2060,
carbon—neutral emissions are expected to be 2 Gt, de-
creased by 82% compared to 20307, as shown in Fig. 1.
As a significant source of carbon emissions, the au-
tomobile industry must achieve carbon peak and neutrali-
ty targets of 10% and 82% of total carbon emissions by
2030 and 2060, respectively. The annual carbon emis-
sions from the transportation sector in China are current-

ly about 1 000 Mt and are projected to reach 1 100 Mt by
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2030. If the rate of carbon emission reduction in the
transportation sector matches that of the entire country,
annual carbon emissions are projected to decrease from
1 100 Mt to 200 Mt between 2030 and 2060. The overall
carbon emission budget is about 30.6 Gt, as shown in
Fig. 2.
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Fig.2 Carbon peak and neutral targets of transportation

sector

The PC sector in China exhibits similar trends. Ac-
cording to the data from the National Bureau of Statistics,
in 2022, PC ownership in China reached 278 million
units'”, an increase of 105% compared to 2015, as shown
in Fig. 3.
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Fig.3 PC annual ownership in China
In the meantime, the overall gasoline consumption
increased by only 22.7%, from 95 Mt in 2015 to about
110 Mt after 2018, as shown in Fig. 4. The carbon emis-

sions based on the fuel used amount to about 340 Mt over

5 consecutive years (Fig. 5). The total carbon emissions
in the vehicle use stage reach about 410 Mt considering
the carbon emissions from the fuel production cycle. Car-

bon emission of PC sector is up to peak.

=
S

\os0o 10577 11246 118.42 sy 1299 10734

Ju—
N =
o S

\e]
(=]

Gasoline consumption/Mt

2015 2016 2017 2018 2019 2020 2021 2022

Year

Fig.4 Annual gasoline consumption by PC
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Fig.5 Annual carbon emission from fuel used

If the carbon emissions from the manufacturing cy-
cle and electric vehicles are combined in a given year,
the total carbon emissions amount to about 590 Mt,
steadily increasing and projected to reach 650 Mt by
2030. If the PC sector also follows the same decreasing
speed as the overall transportation sector, carbon emis-
sions will decrease to about 130 Mt in 2060, achieving
carbon neutrality. The overall carbon emission is expect-

ed to reach 18.3 Gt, as shown in Fig. 6.
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Fig.6 Carbon peak and neutral targets of PC sector
To achieve the above targets, the first challenge for
the PC sector is how to reach carbon peak before 2030.
By 2020, the PC ownership in China had already reached
240 million units. By 2030, PC ownership is expected to
increase to 350 million units, reflecting a 46% increase

as illustrated in Fig. 7.
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Fig.7 Annual PC ownership prediction in China

Fig. 7 shows that PC ownership is still increasing.
Even if EVs are rapidly introduced from now on and ICE
car production is completely stopped in 2030, the owner-
ship share of ICE cars will still be more than 58%. There-
fore, to achieve carbon neutrality the increasing overall
ownership of PCs, the growth of new car production, and
the continued ownership of ICE cars pose a significant
challenge for the automotive industry in China.

Fig. 6 shows that in order to achieve carbon neutrali-
ty, the overall PC market, including used and new cars,
must reduce carbon emissions by about 17.3 Mt each
year starting from 2030. This implies that approximately
14 million units of used cars would need to be scrapped
without any new car production. This is a significant chal-
lenge, especially when considering that the current annu-
al production volume of passenger cars is about 20 mil-
lion units in China. Achieving carbon neutrality appears
to be very challenging under these circumstances. Thus,
a quantitative analysis of various PC powertrain technical
routes is necessary to determine the most appealing tech-

nical routes.

2 Boundary Condition Settings and Analysis
Modeling

In order to obtain credible analysis results, reasonable
boundary conditions have to be set up in advance. All the
boundary conditions are based on current real PC market
sales data and authoritative predictive data for future
market, but relatively conservative data are used.

The first boundary condition is the prediction on fu-
ture PC sales volume, shown in Fig. 8.

According to Fig.8, the maximum annual PC sales
volume is projected to reach about 25 million units in
2040, after which the sales volume will stabilize. This

prediction is somewhat conservative compared to the
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most radical estimate of about 40 million units in annual
PC volume, but it is the most reasonable forecast consid-
ering the current situation. Besides, conservative predic-
tions can provide a more fundamental technical route
compared to radical predictions, which may require addi-
tional decarbonization solutions such as Carbon Capture,
Utilization & Storage (CCUS), exceeding the capabilities
of the vehicle industry. Fig. 9 shows the boundary condi-

tion of the annual scrap ratio of ownership vehicles.
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Fig.9 Annual PC scrap ratio prediction

Fig.9 shows that the current scrap ratio is only about
1%, which is relatively low compared to advanced auto-
mobile markets like America, Europe, and Japan, where
it typically ranges from 5% to 7%. But with the rapid de-
velopment of the Chinese PC market, we predict that the
scrap ratio will reach about 5.5% by 2040 and then stabi-
lize.

Fig. 10 displays the forecast of annual total PC own-
ership, which is based on current PC ownership, annual
production volume, and annual failure rate. Fig. 10
shows that the maximum overall PC ownership will in-
crease from 240 million units in 2020 to about 450 mil-
lion units in 2038. Afterward, PC ownership is expected

to stabilize.
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Fig.10 Prediction of annual overall PC ownership"’

One of the most important boundary conditions is
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the mean carbon emission intensity of the electricity in-
dustry. As a matter of fact, this boundary condition will
determine the overall speed of carbon emission reduction
from a manufacturing perspective. It will not be influ-
enced by the automobile industry itself, but rather by the
power generation industry. The proportion of renewable
energy in power generation will play the most crucial
role. As shown in Fig. 11, the predicted average carbon
emission reduction rate is about 13 g/kW - h each year,
which is expected to increase from about 2% in 2021 to
9% in 2060".
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Fig.11 Mean carbon emission intensity of electricity industry

Because carbon emissions in the manufacturing pro-
cess play a significant role from a life cycle perspective,
it is necessary to establish a starting point for carbon
emissions in the manufacturing cycle of various types of
vehicles, including ICE, EV, PHEV, FCV, and carbon—
neutral ICE vehicles (especially hydrogen ICE vehicles).
The starting point is 2020. The carbon emission reduc-
tion rate after 2020 is defined to be the same as the car-
bon reduction rate of the power generation industry, start-
ing at 2% in 2021 and increasing to 9% by 2060. Fig. 12
shows the starting point of carbon emissions in the manu-
facturing cycle of various types of vehicles.
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Fig.12 Carbon emission from manufacturing cycle

Other assumptions for this quantitative analysis are
as follows:

(1) Carbon emissions from the scrap cycle are not in-
cluded. This is because the current scrap ratio is still

very low, so there is no accurate data that can be used.

(2) Carbon emission data from the vehicle manufac-
turing cycle are used as current emission data and should
not be averaged over the vehicle’ s life cycle. This as-
sumption is also reasonable. When a car is rolling out of
the production line, the carbon emissions for this car are
also generated at the same time.

(3)The carbon emission reduction rate for the manu-
facturing cycle and fuel production is set to be the same as
the carbon reduction rate for the power generation industry.

(4)The carbon emissions from the combustion of 1 kg
gasoline are 3.16 kg.

Based on the above bhoundary conditions and as-
sumptions, an analysis model is set up, as shown in Fig.

13.
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Fig.13 Annual carbon emission analysis model

3  Quantitative Analysis of Technical Route
for Individual PC Powertrain

The purpose to do individual PC powertrain technology
analysis is to obtain very clear relative comparison re-
sults under the premise of the same boundary condition,
the absolute analysis results will vary along with the vari-
ation of the boundary conditions.

There are 4 evaluation indexes utilized for the quan-
titative analysis, including carbon peak value, cumula-
tive carbon emission value (carbon budget), rate of reduc-

tion and carbon neutral value, shown in Fig. 14.
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Fig.14 Evaluation index of quantitative analysis
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3.1 Pure ICE Technical Route

It is common knowledge that a pure ICE technical route
cannot achieve carbon neutrality because it relies on fos-
sil fuels. However, it can serve as a foundation for quanti-
tative analysis in other technical routes. Fig. 15 shows
the analysis results of the ICE technical route. The car-
bon peak value in 2030 is 649 Mt, almost the same as the
peak value target shown in Fig. 6. The overall cumulative
carbon emissions are about 24 Gt, which is approximate-
ly 31% higher than the target of 18.3 Gt. The carbon neu-
tral value is 467 Mt, which is 359% of the target value.
The annual carbon emission reduction rate is only
5.9 Mt, whereas the required value is 17.3 Mt.

As a result, the ICE roadmap can only achieve the

carbon peak target, while all other targets cannot be met.
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Fig.15 Analysis results of pure ICE technical route

3.2 Carbon Neutral ICE Technical Route

A new assumption for carbon neutral ICE technical route
is that it will be introduced starting in 2025 and is pro-
jected to reach 80% of the overall ownership by 2050. Ad-
ditionally, it is anticipated that 20% of fossil fuel will still
be utilized after 2050, shown in Figure 16. Considering
that additional development is necessary compared with
a pure ICE technical route, the vehicle cycle carbon
emissions have increased from 7.5 t to 8 t. Simultaneous-
ly, the carbon emissions from carbon—neutral fuel produc-

tion have also increased by 20%.
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Fig.16 Carbon neutral fuel proportion assumption
Based on above assumptions, the analysis results of

carbon neutral technical route are shown in Fig. 17.
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Fig.17 Analysis results of carbon neutral ICE technical route

Fig. 17 indicates that carbon neutral ICE technical
route can achieve all the carbon targets outlined in Fig.6.
The premise to achieve a carbon—neutral ICE technical
route is to secure an adequate supply of carbon—neutral fu-
el. This primarily depends on renewable electricity gener-
ation and carbon capture technologies. Consequently, car-
bon—neutral fuel is anticipated to be more costly than fos-
sil fuel initially. However, the cost can decrease as renew-
able electricity generation capacity rapidly expands.

Furthermore, the greatest benefit of the carbon—neu-
tral technical route is that it allows for the retention of cur-
rent development and production capabilities, as well as
gas stations, thereby avoiding significant carbon emissions.
Consequently, it represents a promising technical route.

3.3 Hydrogen ICE Technical Route

Hydrogen is an ideal fuel from the perspective of combus-
tion speed and carbon emissions. However, on the flip
side, it poses challenges in terms of storage. Additional-
ly, there will still be some NOx emissions when the en-
gine is running in lean combustion mode. Hydrogen stor-
age in passenger cars is crucial because high—pressure
hydrogen tanks are not only more expensive but also take
up a lot of space.

If hydrogen ICE is introduced starting in 2030 and
the proportion of hydrogen ICE reaches 100% by around
2045, as shown in Fig. 18, the carbon emissions from ve-
hicle manufacturing cycles will increase from 7.5 t to 9.5 t.
When factoring in the current expensive high— pressure
tank, the analysis results are presented in Fig. 19.
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Fig.19 Analysis results of hydrogen ICE technical route

Fig. 19 shows that compared with the carbon-neu-
tral ICE technical route, the hydrogen technical route
can achieve a carbon—neutral value of 61 Mt, which is
even lower than that of the carbon—neutral fuel technical
route. Additionally, it can meet the targets of carbon
peak value and carbon accumulation value.

The main issue with the hydrogen ICE technical
route is that the carbon reduction value exceeds the tar-
get, especially in the short and medium term before
2040. This is primarily due to the high cost of the high—
pressure hydrogen storage tanks.

3.4 HEYV Technical Route

Here, HEV refers to vehicles equipped with a specially
developed hybrid engine with Brake Thermal Efficiency
(BTE) exceeding 41% and a dedicated hybrid transmis-
sion with 2 or more electric motors for electric genera-
tion, driving the wheels, or energy recuperation. Com-
pared to pure ICE vehicles, HEVs consume 30% to 40%
less fuel. The carbon emissions from the vehicle manufac-
turing cycle are set at 8.5 t/Unit, which is 1 t higher com-
pared with pure ICE vehicle.

The market share variation of HEV versus ICE is il-

lustrated in Fig. 20.
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Fig.20 Market introduction pace of HEV
Based on above boundary conditions, the analysis
results of HEV technical route is shown in Fig. 21.

Fig. 21 shows that the carbon neutral value is 320

Mt, which is 251% of the target. At the same time, the ac-
cumulated carbon emission is 20.3 Gt, which is 111% of
the target, thus HEV is not suitable for carbon neutral

technical route.
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Fig.21 Analysis results of HEV technical route
But Fig. 22 shows that HEV technical route can re-
duce about 40% carbon emission before 2043 compared
with ICE technical route, only after 2043 the reduction
speed will be reduced. This means before 2043 HEV

technical route is also a suitable solution.
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Fig.22 Carbon emission comparison between HEV and ICE

technical route
3.5 PHEV/REEYV Technical Route
The definition of PHEV and REEV is that the vehicle
will run in EV mode (high SOC mode) for 80% of the
mileage with fleet— averaged electricity consumption of
15 kW - h. When the vehicle runs in PHEV or REEV mode
(low SOC mode) for the remaining 20% of the mileage, the
fleet—averaged fuel consumption is 5.5 1/100 km, which
is reduced by more than 35% compared to that of an ICE
vehicle, as shown in Fig. 23. In the meantime, 20% of fos-
sil fuels will be reserved until 2060.

The market share introduction pace is set to align
with the HEV technical route, as shown in Fig. 20. Based
on the above boundary conditions, the analysis results of
PHEV and REEV technical routes are shown in Fig. 24.

Fig. 24 shows that all targets can be met well except

for the carbon neutral value of 180 Mt, which exceeds the
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target of 130 Mt. Particularly, the accumulated carbon
emission of 17.7 Gt is lower than the target of 18.3 Gt,
thanks to the faster carbon emission reduction rate of
19.5 Mt/year compared to the target of 17.3 Mt/year. Con-
sidering that in this analysis, there are still 20% fossil fu-
els left until 2060 and it is possible to replace the fossil
fuels with carbon—neutral fuel before 2060, the PHEV
and REEV technical routes can be a realistic and practi-

cal carbon—neutral technical route.

55 55

Fuel consumption/L+(100 km)™

ICE HEV PHEV
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Fig.24 Analysis results of PHEV/REEYV technical route
3.6 EV Technical Route
The market share introduction pace of EV technical route
is set to be the same as HEV technical route, as shown in
Fig. 20. Based on all defined boundary conditions, the
analysis results of EV technical route are shown in Fig. 25.
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Fig.25 Analysis results of EV technical route

Fig. 25 shows that the EV technical route is almost
capable of meeting the carbon—neutral targets. However,
the peak value and neutral value are slightly higher than
the targets. But compared with the PHEV and REEV

technical routes, the EV technical route does not have an
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obvious advantage. The carbon peak value and carbon ac-
cumulation value are even higher than those of the EV
technical route. This is mainly due to the higher vehi-
cle manufacturing cycle carbon emissions of EVs com-
pared to PHEVs and REEVs.

Fig. 26 and Fig. 27 separately illustrate the carbon
emissions during the vehicle manufacturing cycle and
the vehicle using cycle for the technical routes men-
tioned above.
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Fig.26 Vehicle manufacturing cycle carbon emission
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Fig.27 Vehicle using cycle carbon emission comparison

Fig. 26 illustrates that the challenge of EV technical
route lies in the higher vehicle cycle carbon emissions,
particularly before 2043. At the cycle side shown in Fig.
27, the carbon emission levels of EVs, PHEVs, and
REEVs are almost the same before 2043. The advantage
of EVs only becomes apparent after 2043, despite the
smaller difference. From this perspective, both EV and
PHEV, as well as REEV technical routes, are excellent.
Battery technology will determine which one performs
better, although the battery technology itself remains un-
certain.
3.7 FCYV Technical Route
Because the FCV technical route still has some uncer-
tainty compared to HEV, PHEV, and EV, the introduc-
tion pace of FCV is set to be a little slower. It is projected
that only after 2052, all vehicle models in the market can
be 100% FCV, as shown in Fig. 28.
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Fig.28 Market introduction pace of FCV

Another important assumption is that all the hydro-
gen is produced by green electricity, but the electricity
used in the vehicle cycle is a mixture of green and fossil
fuel-based electricity.

Based on the above assumption and the assumption
of carbon emissions from the manufacturing cycle in Fig.
12, the analysis results of the FCV technical route are de-

rived and shown in Fig. 29.
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Fig.29 Analysis results of FCV technical route

Fig. 29 shows that the most significant difference be-
tween the FCV technical route and other technical routes
is the very high vehicle manufacturing cycle emissions of
the FCV technical route. This directly results in a peak
value of 745 Mt, which is 15% higher than the target. The
cumulative carbon emissions are 22.5 Gt, which is 23%
higher than the target. The carbon—neutral value is 166
Mt, which is 28% higher than the target. Reducing car-
bon emissions from the vehicle manufacturing cycle is a
key issue, and lowering system costs is of utmost impor-
tance.

If the vehicle manufacturing cycle emissions of
FCVs are reduced to the level of EVs, the results will
change significantly, as shown in Figure 30. This sug-
gests that FCVs could be the best technical route if sys-
tem costs can be controlled, thereby keeping vehicle man-
ufacturing cycle emissions in check. Due to the remain-
ing uncertainties surrounding both fuel cell systems and
hydrogen storage technologies, as well as the high costs

involved, FCVs are currently viewed as a promising but

still uncertain technical route.
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Fig.30 Analysis results of FCV technical route with cost

reduction

4 Results and Discussion

Based on the quantitative analysis of various PC power-
train technologies for carbon peaking and carbon neutrali-
ty, a summary can be derived, including the carbon peak
value, cumulative carbon emission value, and carbon neu-
tral value, as illustrated in Fig. 31, Fig. 32 and Fig. 33.
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Fig.32 Comparison of accumulative carbon emission

Fig. 31 shows that the carbon peak values of differ-
ent technical routes are almost identical, with the excep-
tion of FCV, which is slightly higher. This is mainly be-
cause ICE vehicles will still dominate the market around
2030 regardless of the technical route adopted. Hence,
from a carbon peaking point of view, no technical route
has an obvious advantage.

Fig. 32 shows a comparison of the cumulative car-

bon emissions from various technical routes. Except for

REXH |9



IR E ]

ICE and HEV technical routes, all other technical routes
can meet the cumulative target requirement. Therefore,
multi—technical routes are reasonable from both risk miti-
gation and resource utilization perspectives.

Fig. 33 shows that, except for ICE and HEV, all oth-
er technical routes have the potential to achieve carbon
neutrality if the vehicle manufacturing cycle emissions of
FCV are controllable, a scenario that is highly feasible in
the future.
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Fig.33 Comparison of carbon neutral value
5 Conclusions

Based on above quantitative analysis of various power-
train technical routes, the following conclusions are sum-
marized as below:

(1) The significant ownership of pure ICE cars poses
the most substantial challenge to carbon reduction in
short and medium term. The greatest opportunity lies in
decreasing ICE car ownership by implementing a combi-
nation of various technical routes, fostering healthy com-
petition, and promoting coexistence.

There is no technical route with absolute advantag-
es; different technical routes have a certain degree of un-
certainty.

(2) PHEV, REEV and BEV have established them-
selves as reliable technical routes, and the current stage
of development should be maintained for the long term.

(3) HEVs still have the potential to reduce carbon
emissions in the short and medium term. However, the
key question is whether it can establish a performance—

price ratio advantage over ICE cars.
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(4) The carbon—neutral fuel technical route has ex-
cellent potential for reducing carbon emissions. Its over-
all social efficiency may be the highest among existing in-
dustrial resources.

(5) Government policies based on carbon credits
and technology neutrality are strong guarantees that drive
the automotive industry to achieve the above goals.
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