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Abstract: The transportation sector is a major source of greenhouse gases and air pollutants, and it
has a crucial effect on the synergistic reduction of NOx and carbon. In order to find the energy-
efficient vehicle technologies with the highest net reduction potential and lowest net reduction cost
over the life cycle, this study traced the CO2 and NOx emission streams of 33 energy-efficient tech-
nologies, hidden in the supply chain during the production phase, through structural path analysis,
and measured the emission reductions during the use phase using the emission factor method.
Moreover, we applied structural decomposition analysis to quantify the three main drivers, includ-
ing emission intensity, industrial structure, and final demand, of changes in CO2 and NOx emissions
from 11 transport subsectors during 2012-2018. Results indicate that CO2 emissions of the transport
sector more than doubled from 2012 to 2018; however, the influence of NOx was less significant. The
final demand of the road subsector was the most significant driver contributing to CO2 emission
changes, with an increase of 109.27 Mt. The emission intensity of road transportation caused the
greatest mitigation effect on NOx emission changes, with a decrease of 1902 Kt. The findings of the
scenario analysis demonstrate that the most efficient action of the pure electric technology for pas-
senger cars reduces 20.92 Mt NOx emissions, and the parallel hybrid technology for heavy trucks
offers the greatest cost effectiveness with a net abatement of 2577 Mt COz over its life cycle. Conse-
quently, the aggressive development of new energy technology has become a prerequisite strategy
to synergistically reduce CO2 and NOx emissions.

Keywords: transport sector; input—output analysis; structural decomposition analysis; structural
path analysis; life cycle assessment; net abatement cost

1. Introduction

Transportation is a demand-derived source of mobility that facilitates economic ac-
tivity by linking the production, exchange, consumption, and distribution of goods or
services in society. Transportation ensures the proper conduct and development of eco-
nomic activity and plays an important role in the economic activity of society. However,
as the economy grows, China’s environmental pollution problem has attracted wide-
spread attention. To address this serious pollution problem, the State Council of China
promulgated the toughest ever Air Pollution Prevention and Control Action Plan in 2013.
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With the implementation of this policy from 2013 to 2017, air quality has improved signif-
icantly nationwide [1]. However, the transportation sector remains a major contributor to
CO2 and NOx emissions [2,3]. Therefore, analyzing the change in emissions in the
transport sector from 2012 to 2018 and its main drivers would inform the development of
future emission reduction pathways, while finding the most cost-effective and emission-
reducing potential technologies for the most prominent emission subsector (the road
transport sector) is essential to reduce emissions from the transport sector in the future.

A large number of existing studies analyzed the abatement costs and reduction po-
tential of various energy-efficient technologies for vehicles. For example, the International
Council on Clean Transportation (ICCT) examined the emission reduction potential and
abatement costs of a variety of technologies, including passenger cars and trucks, over a
fifteen-year period from 2015 to 2030 [4,5], and they found that the larger the reductions,
the higher the cost of the required technology investment. However, consumers may also
gain benefits through fuel cost savings, which will be two to three times the cost of invest-
ment by 2030 due to technology implementation [5]. Peng et al. [6] studied 55 energy-
efficient technologies related to passenger cars in China from 2010 to 2030, whose findings
showed that new energy technologies, including electric and hybrid electric vehicles, have
the greatest abatement potential but the highest abatement costs. Of all the technologies,
only a few technologies can reap the benefits while reducing emissions. In addition, tech-
nologies with low abatement costs would reduce abatement potential. Some studies [7-9]
researched the cost-effectiveness of new energy vehicles in terms of greenhouse gas emis-
sion reduction; their findings also showed that electric vehicles have high greenhouse gas
reduction potential but a poor ability to be cost-effective. The net abatement cost, as a
result of the above study, is uncertain, due to the fact that it is determined by several
factors, including investment costs and oil prices. However, the general rule is that invest-
ment costs increase with the amount of abatement, and oil prices have a strong influence
on whether energy efficiency technologies require costs or return benefits.

At the same time, energy-efficient technologies may produce significant emissions in
the production phase. Rosenfeld et al. [10] showed that new energy vehicles have high
CO: emissions in the production phase, especially pure electric vehicles, whose emissions
in the production phase can reach half of the emission reductions in the use phase. In the
coming decades, with the advancement of technology, the use phase of new energy vehi-
cles may have a higher emission reduction potential, and the production phase may be-
come the main stage of pollutant emissions during its life cycle. In addition, the results of
Zhu et al. [11] showed that the impact of greenhouse gases on global temperature has a
lag. That is, the production emissions now will affect the temperature in the next decades.
Therefore, emissions from the production phase of emission reduction technologies can-
not be ignored. Inadequately, most of the available studies focused on the research of the
use stage of the treatment technology of vehicles, but rarely analyze the whole life cycle
of vehicle emission reduction technology.

To make up for this research gap, based on the input—-output model, we applied the
structural path analysis (SPA) method to study the emission abatement potential and cost
of 33 technologies, including the whole life cycle of production and consumption (i.e., the
use stage). SPA is a suitable tool for linking emissions from various sectors of the national
economy and revealing the flow of emissions from the product to the consumer [12,13].
SPA is a widely used tool to study the emission pathways of greenhouse gases and pollu-
tants, such as COz [14,15], particulate matter (PM:s) [16,17], SOz [18], and so on. Therefore,
it is feasible to use SPA to measure the implied emission streams in the economic system
due to the implementation of energy-efficient technologies in the transport sector. In terms
of emission objects, the current study selected the greenhouse gas CO2 and the air pollu-
tant NOx. The transport sector is the main source of these two emissions.

By analyzing the emission abatement potential and cost of various vehicle energy-
efficient technologies, the results of present study aimed to provide a scientific basis for
the energy-efficient technologies that may help reduce air pollution, and to, consequently,
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help the Chinese government to choose and promote cost-effective and environmentally
friendly technologies.

2. Methods and Data

In the current study, a number of variables were used to study the abatement costs
and abatement potential of the transport sector. Their descriptions and notations are sum-
marized in Table 1.

Table 1. List of variables and symbols.

Variable Name Symbol Variable Name Symbol
Direct emission coefficient 0 Vehicle ownership VO
Total output column vector X Average annual mileage AM
Complete demand factor matrix (I — A Fuel density p
Final demand column vector Y Power consumption per unit mileage PM
Pollutant emissions E Oil price OP
Amount of change A Electricity price EP
Production layer PL Investment cost IC
. . Final demand of reduction in the refined pe-
Direct emissions Dt n
troleum sector
Final demand of increases in the related in-
Indirect production embodied emissions Pt dustries of auto parts sector, rubber, and Y2
complete vehicle manufacture sector
. . Final demand of increases in the electricity
Consumption emissions Et e
sector
Additional emissions from the implementa-
CO: generation factor a tion of emission reduction technologies APr
through industry linkages
Engine efficiency S Direct emission abatement during the use APu
phase of the technology
Annual statistical NOx emissions 8 Net emission abatement Potential from LCA AP
perspective
Fuel economy FE Net abatement benefit NB

2.1. Methods

The structural decomposition analysis (SDA) and structural path analysis (SPA)

models were applied to extend the decomposition of CO2 and NOx emission structure
based on the input-output (I0) model. The IO model was proposed in the 1930s by the
American economist Wassily Leontief and has been widely used in a variety of disciplines
affected by economic activity, especially the environmental impact of economic activity.
We assumed that the IO table contains n industries, and the IO table can be represented
as:

X1 a;; iz vt Qi X1 fi
Xy A, Q22 Qzp X2

I e VY Bl N B 1)
Xn Ap1  Qp2 r Opp Xn fn

Equation (1) can also be expressed as follows:

X1 1-— aq —Qq2 _aln -t f1
x:z _ —aqy 1—ay;, - —ap, x fz )
Xn —Qany —Qpy 1- QAnn fn
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Equations (1) and (2) are the core formulas of the input-output table, where X = (x;)
is the total output of industry i; A = (a;;) is the amount of value per unit of output con-
sumed by sector j for product i; and F = (f;) is the final demand of sector i.

2.1.1. Structural Decomposition Analysis (SDA)

In the present study, SDA was used to analyze the drivers of changes in COz and NOx
emissions in the transport sector. SDA was proposed by Chang and Lin [19] to evaluate
the factors affecting changes in industrial greenhouse gas emissions in Taiwan, decom-
posing emissions into multiple drivers during 1981-1991. Since SDA can provide detailed
information about structural factors, it has been widely applied to explore the influencing
factors [20-22].

SDA is commonly used to examine the contribution of potential drivers to changes
in observed indicators in IO tables [23]. SDA calculates the contribution of each independ-
ent variable to the dependent variable by considering the changes in each independent
variable in a different way.

To assess the driving forces, the pollutant emissions (E) are decomposed into emis-
sion intensity (6), industry structure (I — A)™), and final demand (F).

AE=E., — E, = 9t+1(1 - A)t_-alyt+1 - et(l - A)t_lyt 3)

AE=AG(I — Ay Yess + 0,00 — A)Wopy + 6,1 — ATIAY @)

where, A denotes the amount of change; for example, AE denotes the change in pollutant
emissions between 2012 and 2018, ¢ + 1 denotes 2018, and ¢ denotes 2012.

2.1.2. Method of Measuring Cost—Benefit

The cost of abatement is an important consideration for companies, sectors, and re-
gions when determining the pathways of mitigating emissions. As the road is the highest
CO»- and NOx-emitting transport subsector, the search for the most efficient and least
costly abatement technology for vehicles is a critical issue, which facilitates the oppor-
tunity to design sensible, model-specific mitigation strategies.

Currently, China has different scrappage regulations for different vehicle types, with
15 years for light trucks and heavy trucks, and 15 years or longer for passenger cars, which
have no specific time limit. Therefore, for the convenience of accounting, the service life
of all three models studied in this study was set to 15 years [24]. In the present study, the
intensity of emissions by sector and the supply relationship between sectors were as-
sumed to remain constant over the life cycle of vehicle use (i.e., 15 years), and similar
assumptions have been set in many studies [25-27].

Cost-benefit analysis methods have been widely applied in the field of environmen-
tal decision-making, where they are used to quantify the costs and benefits of different
policy actions or abatement technologies in order to obtain optimal decisions. The study
considered three types of costs, including technology investment costs (f;), fuel-saving
benefits (f;), and electricity costs (f3), of which investment costs are one-time, and fuel
savings and electricity costs are cumulative over the life cycle of technology implementa-
tion. Therefore, we did not consider discounting for the technology investment costs (f;),
while setting the fuel-saving benefit (f,) and electricity cost (f3) increases at a discount
rate of 5% over 15 years [6]. These three costs or benefits (in million yuan) can be calculated
as follows:

f,=1CxTO x 107° (5)

15
f2 =Z(T0><FE><TM><FC><S><10—6x(1+5%)14) ©)

=1
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15
fo = Z(TO X PE X TM X EC x 1076 x (1 + 5%)%) )

i=1

where IC (yuan) is the investment cost of each technology installed in each vehicle. TO
is the total ownership of the three categories studied in this paper as of the end of 2018.
FE isthe fuel efficiency per unit mileage (L/km). PE is the power efficiency per unit mile-
age (kW-h/km). TM is the total mileage over the life cycle (km). FC (yuan/L) is the cost
per liter of fuel; the price per liter of diesel was 6.88 yuan, and the average price per liter
of gasoline was 7.27 yuan in China in 2018 [28]. EC is the cost per kW-h of electricity
(yuan/kW-h), and the average electricity price in China in 2018 was 0.374 yuan/kW-h [29].
S is the energy efficiency in %. The parameters of FE, PE, TM,and VO are listed in Ta-
ble2. IC and S are given in Table 3.

Table 2. Parameters of the three types of vehicles.

VO [30]

Tape (Million Vehicles) TM [31] (10*km) FE or PM [32] (per km)
Passenger Car (Fuel) 227.7 27 0.092 L
Passenger Car (Electric) [33] / 14.9 0.164 kW:h
Light Truck 100.96 45 0.205L
Heavy Truck 80.84 113 0.297 L

If a technology could be economically beneficial while still fulfilling its intended role,
this would go a long way toward reducing resistance to technology implementation. Ex-
isting studies generally discuss emission reductions from a cost perspective. However,
considering the potential economic benefits of a large number of energy efficiency tech-
nologies studied in this paper, we used benefits as an economic indicator for each tech-
nology, and the net benefits (NB) are as follows:

NB=f;-fi—f2 (8)
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Table 3. Energy saving rate and emission reduction efficiency of 33 technologies. This table shows the technology name, saving efficiency, investment costs, and

code.
Passenger Car [6,34] Light Truck [35] Heavy Truck [36]
Investment Investment Investment
Saving Effi- Costs Saving Effi- Costs Technology Saving Effi- Costs
Technol Technol
echnology Name ciency (Yuan/Vehi- Code Technology Name ciency (Yuan/Vehi- Code Name ciency  (Yuan/Vehi- Code
cle) cle) cle)
Engine Friction Re- 5450, 82056 ~ pcy CrgineFrictionRes o, 46322 rrp  Advanced 1607%  66,17400 HTI
duction duction 6-9 L Engine
Variable Valve Tim- Continuous Varia- Advanced Trans-
ing—Dual 2.50% 403.66 PC2 ble 2.17% 3176.35 LT2  mission and 4.90% 10,146.68 HT2
Cam Phasing Valve Lift Drivetrain
. Chemometric Pro-
Continuous ortionin Parallel
Variable Valve 2.50% 2024.92 PC3 p & . 1.50% 2438.51 LT3 . 29.33% 130,142.20 HT3
. —Direct Gasoline Hybrid
Lift o
Engine Tech- Injection
%1010 Chemometric Pro- Turbocharging 10% Air Re-
8y portioning — Direct 2.40% 2425.28 PC4 and Miniaturiza- 6.25% 2316.09 LT4 sistance Reduc- 4.50% 11,084.15 HT4
Gasoline Injection tion tion
Turbocharging High-Efficiency Low Rolling Re-
and 4.85% 8093.08 PC5 Generator and Ac-  1.50% 959.52 LT5 sistance 2.47% 1345.54 HT5
Miniaturization cessory Tire
. . o
Electric Power 1.50% 74777 pce  ecticPower ) g0 104224 LT6 7 265% 2236681 HT6
Steering Steering Lightweight
High-Efficiency A=) 500, 127054  PC7
tachment
P lit Hy- Parallel
Dieselization 1520% 2057019  PC8 Owerbfiil Y 650% 2498069 LTIV ;;gri‘; 2933%  130,14220 HT3
New Energy L
Ad d Dieseli-
technology oo IeSER 10% 344105  PC9  Plug-in Hybrid ~ 29.00% 5227746 LTS8

zation
General Hybrid 13.70% 17,160.24 PC10
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Plug-in Hybrid 62% 150,649.08 PC11
Pure Electric 100% 208,978.42 PC12
10% Air Re-
Low-Friction Lubri- Low-Friction Lub-
OWTRHCHOR BUBT ) 5094 3300 pcra ow-Frictionub- o o0 19.85 LT9 sistance Reduc-  4.50% 11,084.15 HT4
cant ricant .
tion
10% Air Resist Low Rolling Re-
5% Lightweight 3.30% 158156  pCl4 1070 Al Resistance ) o) 24815  LT10 v “ONMERET ) 47% 134554  HI5
Reduction sistance Tire
Low Rolling Re- Low Rolling Re- 3%
Drag reduc- v o B 7€ 1.50% 4963  PCl5 O SONMEEET g 509, 3970 LTIl .. oP 265%  22,366.81  HT6
) sistance Tire sistance Tire Lightweight
tion technol- .
o 10% Air
8y Resistance Reduc-  2.50% 58233  PCl6
tion
Low Rolling Re-
ow RoTIng xe 1.50% 4963  PCI5
sistance Tire
10% Air Resist
0% Air Resistance ) o, 58233  PCl6

Reduction
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2.1.3. Methodology of Structural Path Analysis (SPA) and Measuring of Net Abatement
Potential

Not only economy is an important reference factor in choosing an abatement tech-
nology, but the abatement potential is equally important. Facing the current severe envi-
ronmental pressures, it is optimal to find technologies that have high economic efficiency
and a high potential to reduce emissions. For this purpose, we measured the direct and
embodied emissions of the entire economy during the production phase of the abatement
technology, using the structural path analysis (SPA) method. We used the investment
costs (f1), fuel benefits (f,), and electricity costs (f3) of 33 specific energy-efficient technol-
ogies as the final demand variation parameters for the SPA methodology to evaluate the
CO:z and NOx emissions in the production phase.

Skelton et al. [13] extended the application of traditional structural path analysis
(SPA) methods in the environmental domain. The extended SPA approach can trace the
complex relationships between sectoral interactions and embodied emission streams, as
well as investigate the differences between final production emissions and final demand
emissions and the reasons for their formation. SPA models, which can show detailed flow
path maps of the supply chain between final production and consumption, have been
widely used to identify key sectors and supply chain pathways leading to energy con-
sumption and pollutant emissions [37,38]. This approach can effectively quantify de-
mand-driven environmental emissions.

The SPA approach relies on the Leontief inverse matrix, which is able to systemati-
cally identify key impact sectors or pathways through decomposition. The decomposition
of the Leontief inverse matrix (I — A)™' is expressed as follows:

(I — AP =lim ol + A+ A% + A3+.. . +A" 9)
Then, the input-output model can be expressed as:
X=0( — A)7'F =lim,(0IF + 0AF + 0A*F + 0A3F+... +0A'F) (10)

where 6 is the emission intensity, that is, the pollutant emissions per unit of output, and,
in this paper, is the emission intensity of CO2 and NOx. In Equation (10), A'F represents
the impact from the production sector at level i. For example, when F represents the de-
mand for the production of a car, 8IF is the direct emission of the producer in the pro-
duction process; in order to produce the car, other sectors need to input AF, which gen-
erates the emission of 6AF; the increased input of other sectors further requires the pro-
duction input of A%F, which continues to generate the emission of 642F. This process
continues through the infinite expansion of the power of the Leontief inverse matrix, and
eventually, the total direct and implicit emissions from the production of a car are decom-
posed in layers to obtain all emission paths.

This study quantified the emissions of energy-efficient technologies in the produc-
tion phase (APp), using the extended structural path analysis (SPA) method described
above, including the additional emissions generated by the technology itself in the man-
ufacturing process (Eiecp), the additional emissions of the electricity required in the use
phase of the abatement technology in the production phase (E,.), and the reduction in
emissions from the fuel saved by the energy savings of the abatement technology in the
production phase (Ef;).

APp = Eecp + Eglec — Efuel (11)

The coefficient method is a common accounting method for the total amount of pol-
lutants. In the use phase of the abatement technology, we used the coefficient method to
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estimate the CO2 and NOx emissions. We obtained the CO: reduction (APy_¢o,) by multi-
plying the CO2 production factor of the fuel (gasoline or diesel) by all the fuel saved by
the technology during the use phase. As vehicle NOx is more likely to be influenced by
exhaust gas control technologies, the relationship between its production and fuel con-
sumption is currently uncertain. Therefore, in the absence of sufficient data, this study
obtained the NOx use phase emission reductions (APy_yo,) by multiplying the emissions
before technology implementation by the corresponding energy efficiency of the 33 tech-
nologies.

In summary, we obtained additional emissions in the production phase based on the
SPA method, and emission reductions in the use phase based on the coefficient method,
and the net emission abatement potential (AP, CO2 in Mt, and NOx in Kt) over the life
cycle of the energy-efficient technology can be expressed as:

AP, = APy — APp (12)

2.2. Data
2.2.1. Input-Output Table and Pollutant Emission Data

The 2012 input-output tables and 2018 input-output tables used in this study were
obtained from the National Bureau of Statistics of China [39]. The transportation sector in
this study included 11 subsectors, including passenger and freight transport by rail, road,
water, and air, as well as pipeline transport, multimodal transport, and postal services.

Since the transportation sector is the most important source of NOx, we only consid-
ered NOx in this study. The data of NOx emissions for vehicles (the road passenger
transport subsector and road freight transport subsector) were obtained from the Annual
Report on Environmental Management of Mobile Sources in China [40]; among them, the
tailpipe NOx emissions in 2018 were 600 Kt for passenger cars, 276 Kt for light trucks, and
3513 Kt for heavy trucks. NOx emission data for other sectors were obtained from the Na-
tional Bureau of Statistics of China [39]. The CO2 emission accounting process in this paper
used energy consumption data by sector from CEADs [41] and CO: generation factors
from the Intergovernmental Panel on Climate Change (IPCC) [42].

2.2.2. Basic Data of Energy-Efficient Technologies

For the future development of automotive emission reduction technology, the “New
Energy Vehicle Industry Development Plan (2021-2035)” in China clearly states that new
energy vehicles (e.g., pure or plug-in electric vehicles, hybrid vehicles, and fuel cell vehi-
cles) and general-purpose body and engine technologies (such as lightweight technologies
and low frictional resistance technologies) are the future direction of development [43].
However, there is a lack of systematic and published data for these technologies in China.
Here, the parameters of energy-efficient technologies for trucks refer to the reports of the
National Science Research Council and the National Highway and Traffic Safety Admin-
istration [34-36], and the parameters of passenger cars refer to the study of Peng et al. [6]
and the report of the National Highway and Traffic Safety Administration [34].

3. Results and Discussion
3.1. Change and Driving Force Analysis of CO2 and NOx Emissions in the Transport Sector

The Air Pollution Prevention and Control Action Plan (the Action Plan) put forward
a series of requirements to reduce emissions from transportation sources, such as improv-
ing fuel quality and phasing out yellow-label vehicles by a deadline [44]. We analyzed the
changes of CO2 and NOx emissions in 11 subsectors of transportation and their drivers
before and after the implementation of the Action Plan.
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Based on CO2 and NOx emissions from 11 transport subsectors over the period of
2012-2018, our results showed that CO2 emissions from the transport sector increased sig-
nificantly, while NOx emissions remained largely flat (Figure 1). The largest contribution
to the increase in CO2 emissions was made by the road freight transport sector, which
accounted for about 40% of the increase, followed by the multimodal transport subsector
and the road passenger transport subsector, which accounted for 29.42% and 12.87%, re-
spectively. NOx reductions in the road freight transport sector had a significant impact on
NOx flatness in the transport sector, with an 8.65% reduction from 2012-2018.

(I Reduce [ Increase| 246.2

13.65%
29.42%
o, 6.52% 3.11%
12.23% —
4.49% —
40.01% 0.16% o — 334.38
12.87% road subsector

7 317.6 5.88% 4.6%

300 4 +130.95%
200 } 162.42
100 ] road subsector
0 - T T T T T T T T T T T
202 TI T2 T3 T4 T5 T6 T7 T8 T9 TI0 Til 2018
b KtNOx
70007 64003 —0.05% —0.09% 1.67% —8.65% 3,150, 3:86% 64878
6000 - = W 024% —3.09%2.69% 0.73% 1.38% L0 memmm
5000
4000 3353.72 2907.35
road subsector road subsector
3000 - +1.37%
2000- a
1000 -
0 - T T T T T T T T T T T
212 TI T2 T3 T4 T5 Te T7 T8 T9 TIO Til 2018
T1 Rail passenger [ ] T2 Rail freight T3 Road passengerfJJll T4 Road freight

TS5 Water passenger] | T6 Water freight T7 Air passenger [___| T8 Air freight
T9 Multimoadl ~ [E0] T10 Pipeline  [F00] T11 Postal

Figure 1. Changes in COz(a) and NOx (b) emissions in the transport sector from 2012 to 2018.

In addition, our study used the structural decomposition analysis (SDA) method to
analyze the drivers of change in emissions in the transport sector. The SDA has been
widely used to investigate emissions to identify drivers of CO2 and NOx emission change,
based on input—output models of analysis [20-22,45]. We exposed the impact of emission
intensity, industrial structure, and final demand as drivers of CO2 (a) and NOx (b) emis-
sion changes (see Figure 2).

As shown in Figure 2, the drivers of final demand played positive roles in increasing
CO:2 and NOx emissions over the study period, leading to an increase of 236.67 Mt CO2
and 4769.7 Kt NOx in the transport sector. In particular, the road subsector had the largest
increase in emissions due to final demand factors, with an increase of 109.27 Mt CO2 and
781.41 Kt NOx. The industrial structure also had an impact on the growth of emissions in
the total transport sector, with an increase of 26.78 Mt COz and 539.7 Kt NOx compared to
2012. However, from 2012 to 2018, the industrial structure also had a negative impact on
some subsectors, especially the road freight subsector, which mitigated 21.29 Mt CO2 and
429.07 Kt NOx. Emission intensity had a different impact on COz2 and NOx, with an increase
of 165.12 Mt CO:z but a decrease of 5221.60 Kt NOx from 2012.
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Figure 2. Contribution of three main drivers of CO:z (a) and NOx (b) emission change in 11 transport
subsectors from 2012 to 2018.

Among all studied factors, the increased emissions of both CO2 and NOx that were
due to final demand were the highest. From 2012-2018, China’s demand for the transport
sector increased dramatically, leading to significantly increased emissions. In the road
subsector, for example, China’s car ownership per 1000 people is much lower than in de-
veloped countries [46], which means that with China’s rapid economic development, in
the foreseeable future, there will be an inevitable trend toward swelling car ownership.
The study also found that the intensity of CO: emissions was also a factor contributing to
the increase in emissions during its study period (Figure 2a). However, the increase in
final demand was offset by a reduction in the intensity of NOx emissions (Figure 2b). En-
vironmental policies may be the main reason for the opposite trend of NOx and CO: emis-
sions. From 2013 to 2018, China became very stringent in managing transport NOx emis-
sions, especially for the road subsector, the main emission subsector of the total transport
sector, which has entered deep water. A range of vehicle end-of-pipe policies have helped
to achieve significant NOx reductions, such as improved fuel quality for energy efficiency
[47], the installation of exhaust treatment units, and stricter exhaust emission standards
[48].

In the future, emissions from motor vehicles will remain high, as will other transport
subsectors. Therefore, there is an urgent need to find effective ways to reduce emissions;
perhaps the use of cost-effective and high abatement potential technologies could help
reduce CO2 and NOx emissions.

3.2. Cost—Benefit Analysis of Energy-Efficient Technologies

Assessing the net abatement potential and economic costs of mainstream vehicle en-
ergy efficiency technologies can provide data to support and inform the planning of low-
carbon investments and policies in China’s road transport sector. We calculated the net
abatement potential (AP,,;) of 33 road transport technologies using cost—benefit analysis
and the SPA method (see Figure 3), which includes both additional emissions from the
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production phase and direct reductions from the use phase. This allows emissions directly
from the technology, electricity, and oil production stages, and indirectly through the sup-
ply chain, to be taken into account.

The results showed that most the studied technologies had good synergistic CO2 and
NOx reduction effects. Overall, passenger cars and heavy trucks had a high potential to
reduce emissions. Of these, new energy technologies (T-II) were more prominent in all
three categories, as shown in Figure 3. Among all energy-efficient technologies, the pure
electric technology for passenger cars (PC12) had the highest net NOx reduction potential,
and the parallel hybrid technology (HT3) for heavy trucks had the highest potential for
synergistic CO2 and NOx emission reductions.
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Figure 3. Net abatement potential of 33 specific energy-efficient technologies.

Figure 4 illustrates the net benefits (NB) of the 33 energy-efficient technologies, and
it can be seen that most technologies are cost-effective. Among all studied technologies,
heavy trucks showed the highest net abatement benefits, while passenger cars had the
lowest net abatement benefits. In which, new energy technologies (T-II) for passenger cars
had the lowest net abatement benefits. On the contrary, new energy technologies for
heavy trucks had the highest emission reduction benefits. In addition, the net abatement
benefits of engine technologies (T-I) and drag reduction technologies (T-III) were found
to be lowest.

The results showed that most of the technologies are able to achieve a net benefit over
their life cycle, due to the fact that the economic benefits of fuel savings during the use
phase outweigh the investment costs. The net benefits of pure electric technology for pas-
senger cars (PC12) and plug-in hybrid technology for passenger cars (PC11) were nega-
tive, meaning that these two technologies do not generate benefits over their life cycle and
require some additional expense. PC12 technology had the highest net NOx abatement
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potential (20.92 Mt NOx), with a total net benefit of ~1004 billion over its lifetime. There-
fore, to implement pure electric vehicles with great emission reduction potential on a large
scale, government subsidies would reduce their promotion resistance [49]. In addition, it
is worth noting that the parallel hybrid technology for heavy trucks (HT3) had not only
the highest CO2 and NOx synergistic reduction potential, but also the highest net benefit
of all the technologies studied, with a net benefit of 2225 billion yuan, while reducing 2577
Mt CO2 emissions and 13.76 Mt NOx emissions. Therefore, HT3 technology is a worthy
priority for future emission reduction planning in the road transport sector, both from an
economic and environmental point of view.
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Figure 4. Net benefits of 33 specific energy-efficient technologies.

In sum, there were two main novel findings from the cost-benefit analysis of these
technologies. Firstly, we found that, although the pure electric technology for passenger
cars (PC12) and the plug-in hybrid technology for passenger cars (PC11) show good huge
and synergistic CO2 and NOx reduction effects, these technologies also cost the most. Sec-
ondly, we found that the parallel hybrid technology (HT3) for heavy trucks not only has
huge emission reduction potential, but also requires a relatively low cost compared to
PC12 and PC11 technologies. Considering both the net abatement potential and net abate-
ment cost, we believe the parallel hybrid technology for heavy trucks (HT3) is the most
desirable abatement pathway to be promoted in the future, as it has a high CO2 and NOx
synergistic abatement potential and low retrofit cost, which provides the highest eco-
nomic benefits over the life cycle.
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3.3. Uncertainty Analysis

There is some uncertainty in the results of this paper, which mainly comes from two
aspects: the reliability of the emission data and the accuracy of the cost and efficiency of
abatement technologies.

First of all, the sources of air pollutant emission data for mobile sources in China are
generally three influential sources: the environmental statistics yearbook, pollution cen-
sus data, and annual report of environmental management of mobile sources, but all these
three sources only have NOx data and no CO: data. Therefore, in this study, CO2 emission
data were obtained from Tsinghua University CEADs inventory and accounting accord-
ing to IPCC greenhouse gas guidelines. Of course, due to various factors such as technical
level and statistical caliber, there is no absolutely reliable emission inventory for either
CO:z or NOx. Therefore, although the data collection and measurement methods of CO:
and NOx are different, in this study, we used the environmental statistics yearbook [39]
and the annual report of mobile source environmental management data [40], published
by the Chinese government for NOx and Tsinghua University CEADs [41] inventory and
accounting according to the IPCC greenhouse gas guidelines [42] for COz, in order to en-
sure the accuracy of the data as much as possible.

In the abatement cost analysis section, there is no government published data on the
cost and energy saving efficiency of various abatement technologies. Therefore, the data
were obtained from the National Science Research Council of America, the National High-
way Traffic Safety Administration of America, and related literature. While the research
object of this paper is China, there is some uncertainty. Moreover, in this paper, we equate
energy saving efficiency with abatement efficiency, but in fact, for the vehicle itself, energy
saving efficiency does not necessarily reduce emissions, and may cause an increase in pol-
lutants. The purpose of this study was not to conduct very precise simulations, but to
study the chain reaction of the implementation of abatement technologies on the emis-
sions of the whole supply chain, and to propose a new approach to the feasibility analysis
of pollution abatement technologies. In the future, more advanced monitoring data may
further improve the accuracy of emission inventories, and more research on China’s trans-
portation sector may make the cost and abatement capacity of abatement technologies
more consistent with the actual situation in China, resulting in less uncertainty in the data.

4. Conclusions

This paper examines the changes in CO2 and NOx emissions in the transportation
sector and their drivers from 2012-2018, as well as the reduction potential and abatement
costs of energy-efficient technologies of the road passenger and road freight transport
subsectors. The results showed that CO2 more than doubled during the study period, from
318 Mt in 2012 to 746 Mt in 2018. Although emissions of NOx have not increased signifi-
cantly, its level remains high at 6400 Kt. Current emission reduction measures for
transport are weak in terms of CO:z control. In the coming decades, with the increased
demand for the transportation sector, especially the road transport subsector (vehicles),
the transportation sector will continue to be a major contributor of CO2 and NOx, which
are essential for improving air quality. This is consistent with the study by Zhao et al. [50],
who found that income and population have a significant impact on vehicle CO2 emis-
sions. Income and population generate a huge demand for transport. Therefore, China
should focus on reducing emissions from the transportation sector, especially from the
road subsector, in order to achieve the synergistic pollutant and carbon reduction targets.

This study analyzed the net reduction potential and cost of 33 vehicle energy-effi-
ciency technologies. The results showed that most of the studied technologies showed
good synergistic CO2 and NOx reduction effects. Moreover, most technologies can deliver
benefits with emission reductions. Of all these technologies, new energy technologies
have the greatest advantage in net abatement potential, especially pure electric and hybrid
technologies. Numerous studies [6,7,50,51] have come to the same conclusion; they are all
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positive about the abatement potential of new energy technologies. However, in terms of
the cost-benefit analysis of this research, new energy technologies are not economically
efficient compared to drag reduction technologies and energy-efficient technologies, es-
pecially for passenger cars. Specifically, most technologies achieve economic benefits, ex-
cept for pure electric technology for passenger cars (PC12) and plug-in hybrid technology
for passenger cars (PC11), which may require some cost. In addition, the price of oil has a
significant impact on whether energy-efficient technologies require costs or return bene-
tits [7,52]. Previously, we used 2010 as the base year, and our results showed that most of
the abatement technology options had costs [6]. Whereas in this research, we employed
2018 as the base year, with a fuel price increase of approximately 15% from our previously
published study [6], and the results showed that most of the technical options could be
profitable. This difference is mainly caused by the increase in fuel prices. We can expect
that the economics of new energy technologies for passenger cars using price-stabilized
electricity will improve significantly as the price of oil increases [8]. At the same time, both
PC12 and PC11 technologies have a high potential for life-cycle emission reductions, de-
spite their high emissions in the production phase. Therefore, gradual electrification is an
important path to passenger car emission reduction.

In contrast, new energy technologies for heavy trucks can yield significant benefits,
which are considerably more cost-effective than passenger cars. Parallel hybrid technol-
ogy for heavy trucks (HT3) not only offers the highest CO2 and NOx synergistic emission
reductions, but also economic benefits over its life cycle. The reason for this situation is
that parallel hybrid technology is based on a conventional fuel vehicle, with the modifi-
cation of twin engines and electronic auxiliaries [53], and therefore, the cost is low com-
pared to replacing the entire vehicle with pure electric technology (PC12). In addition, the
parallel hybrid technology for heavy trucks is the technology that can meet the demand
of emission reduction and long-distance transportation. At present, parallel hybrid tech-
nology for heavy trucks is more common in Europe [54], but it has not been commonly
promoted in China. Under the background of China’s national strategy of green freight
and the optimization of traffic structure, the promotion of hybrid heavy trucks may be a
win-win solution for the environment and economy in the near future, compared to the
promotion of pure electric technology for passenger cars.
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