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approach to strengthen diesel
vehicle emission monitoring

Lijun Hao, *a Hang Yin,b Junfang Wang,b Lanju Li,c Wenhui Lu,*c Haohao Wang,c

Yunshan Gea and Åke Sjödind

Vehicle exhaust emissions have become a major source of air pollutants in China, especially from diesel

vehicles, which are the main contributors to the total nitrogen oxide (NOx) and particulate matter (PM)

emissions from road vehicles. To combat these emissions, China is setting up an integrated vehicle

emission monitoring system aiming at organically combining periodic inspections, remote sensing, on-

board diagnostics and roadside inspections. Multiple measures, which include vehicle emission in-use

compliance tests using portable emission measurement systems (PEMSs), remote OBD monitoring,

periodic inspection of NOx emissions and remote emission sensing detection, are taken to monitor the

pollutant emissions from diesel vehicles. In this study, all these methods were used to measure the

exhaust pollutant emissions of in-use diesel vehicles, to evaluate the trends in real-world emission

reductions along with the progress of emission control technologies and emission standards in China.
Environmental signicance

Diesel vehicle emissions cause serious environmental pollution, and are monitored by combining remote OBD, periodic inspections, remote sensing and
roadside checks in China. Through these methods, the exhaust emissions from diesel vehicles were investigated and analysed.
Introduction

With the rapid increase in the number of motor vehicles in
China, the impact of vehicle emissions on air quality has
become increasingly serious. As of the end of 2019, the number
of motor vehicles has reached 260 million, among which 18
million vehicles are diesel vehicles which is only about 7% of
the total number of motor vehicles. However, the NOx and PM
emissions from diesel vehicles make up 80% and 90% of the
total NOx and PM emissions from motor vehicles respectively.1

Hydrocarbon (HC) and carbon monoxide (CO) emissions
from diesel vehicles are very low, while the main concerns of
diesel vehicle exhaust pollution are NOx and PM. Nowadays, the
particulate emissions from diesel vehicles can be effectively
reduced using diesel particulate lters (DPF), while the NOx
emissions are more difficult to control, thus diesel vehicles have
become one of the main sources of NOx in the atmosphere.2

Previous research shows that although vehicle emission
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regulations have been substantially tightened, the NOx emis-
sions of diesel vehicles under real driving conditions have not
been reduced proportionally.3,4 For diesel vehicles equipped
with the selective catalytic reduction (SCR) system, the real
driving NOx emissions will signicantly increase due to
degrading of the SCR catalyst, poor quality of urea or lack of
urea. Therefore, effective vehicle emission test methods are
needed to monitor the emissions of vehicles in use.

Vehicle exhaust emission test methods mainly include
chassis or engine dynamometer tests, vehicle real driving
(onboard) emission tests, OBD detection and remote sensing
detection. The chassis dynamometer test method is suitable for
emission testing of newly produced vehicles and in-use vehicles
and has a good repeatability and test stability due to control-
lable experimental conditions.5–7 However, the chassis dyna-
mometer test is complicated, time consuming and associated
with high costs. Further, due to the performance limitation of
the dynamometer, it cannot well reect vehicle actual road
emission characteristics.8,9 The vehicle real driving emission
test method is to install the portable emission measurement
system (PEMS) on the vehicle and connect the vehicle exhaust
tailpipe directly to the on-board emission measurement device.
Real-time measurements of vehicle emissions under actual
driving conditions have great advantages in studying the actual
road emission characteristics of vehicles.10–12 Therefore, PEMS
testing requirements for vehicle emissions have been
Environ. Sci.: Adv., 2022, 1, 37–46 | 37
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incorporated into the emission regulations.13 However, PEMS
tests also have the problems of complex equipment and high
costs and cannot measure a large number of vehicles in a short
period of time. On-board diagnostics (OBD) has emerged along
with the development of automobile electronically controlled
fuel injection technology. At present, OBD can effectively
monitor vehicle emission performance, has good economic
benets and cost advantages.14,15 However, in the short or
medium term, OBD cannot replace the vehicle I/M method,
because older vehicles are not equipped with OBD systems. The
vehicle I/M programs can effectively detect the emissions of in-
use vehicles and screen out high-emission vehicles.16 However,
since the period of in-use vehicle scheduled inspection is
generally more than one year, it cannot be guaranteed that the
vehicle can still meet the corresponding emission regulations
during the periodic inspection intervals. Remote emission
sensing is a convenient vehicle exhaust emission detection
technology, which can detect a large number of vehicles in
a short time.17–19 The biggest advantage of remote sensing is
that it can be used in conjunction with vehicle regular I/M
programs to identify high-emitting vehicles, avoid unautho-
rized adjustments and modications aer regular vehicle
inspections, and can detect serious emission control related
failures. At present, the trend in China for in-use vehicle
emission monitoring is to combine vehicle emission periodic
inspection, remote sensing, on-board diagnostics and roadside
checks to achieve full coverage of emission monitoring during
the vehicle life cycle.

In 2018, Ministry of Ecology and Environment of People's
Republic of China (MEEPRC) issued the Action Plan for Tack-
ling the Pollution Control of Diesel Trucks,20 which requires
improving the pollution control technology of new vehicles,
strengthening the inspection and maintenance (I/M) of in-use
vehicles, accelerating the scrapping of old vehicles, strength-
ening management of non-road mobile pollution sources, and
accelerating the use of low-sulfur vehicle fuels.

At present, with the purpose of controlling vehicle emissions
effectively, China is now advancing the construction of a motor
vehicle emission monitoring system, which is an integrated
system aiming at organically combining remote sensing, peri-
odic inspection, on-board diagnostics, PEMS tests and roadside
checks. According to the characteristics of the use of these
emission detection methods, they are classied into four areas:
sky, ground, vehicle and personnel, as shown in Fig. 1.
Fig. 1 Integrated vehicle emission monitoring system including sky,
ground, vehicle and personnel.

38 | Environ. Sci.: Adv., 2022, 1, 37–46
“Vehicle” represents the new production vehicle emission
control technologies, which can effectively control and monitor
vehicle emissions aer new vehicles are put into use. The China-
VI emission standard not only tightens vehicle emission limits,
but also puts forward a warranty period request on vehicle emis-
sions, requiring manufacturers to ensure that vehicle emissions
meet the standard limits during the vehicle's useful life.21 For
heavy-duty diesel vehicles, the remote on-board diagnostics (OBD)
is a useful method for real driving emission monitoring. Before
the implementation of the China-VI emission standard, some
cities such as Beijing required that the remote OBD device must
be installed on China-V and earlier heavy-duty diesel vehicles and
used to transfer vehicle engine operating parameters and emis-
sion data to the vehicle emission monitoring platform in order to
effectively monitor heavy-duty diesel vehicle emissions under real
driving conditions.22 For the China-VI emission standard, the
remote OBD must be installed by the OEM (original equipment
manufacturer) and transfer vehicle emission related information
continuously to the vehicle emission monitoring center in order
to provide real-time and reliable emission information in a timely
manner. In addition, considering the difference between emis-
sions from type approval conditions and actual driving condi-
tions, the heavy-duty diesel vehicle emissions are required to be
tested by PEMSs under actual road driving conditions aer the
engine is assembled on the vehicle, and need to meet the corre-
sponding emission limits.21

“Ground” refers to the I/M (inspection/maintenance)
programs for in-use vehicles. Although the emission stan-
dards for new production vehicles are continuously tightened,
aer the new vehicles are put into use, their emissions may
gradually increase due to the wear and deterioration of vehicle
parts. Therefore, the I/M requirement for in-use vehicles is
mandatory and very important for ensuring the vehicle emis-
sion control system working properly. At present, China is
enhancing the compulsory periodic inspections of vehicle
emissions across the country. By the end of 2019, there were
8847 in-use vehicle emission inspection agencies nationwide,
and a total of 247 808 800 vehicles participated in regular
emission inspections, accounting for 98.1% of the country's
vehicle ownership.1 In order to effectively control in-use diesel
vehicle NOx emissions, on September 27, 2018, China issued
the emission standard “Limits and measurement methods for
emissions from diesel vehicles under free acceleration and lug
down cycle” (GB 3847-2018),23 which was implemented on May
1, 2019. The standard requires that NOx emissions and exhaust
smoke of diesel vehicles to be measured under a lug down test
cycle. The NOx emission can be measured by using a chem-
iluminescence detector (CLD) or a non-dispersive ultraviolet
(NDUV) detector. The national unied emission limits of the
NOx emission concentration and exhaust smoke opacity are
adopted for all diesel vehicles, which are no longer distin-
guished by the emission stages and vehicle categories. Further,
in order to strengthen the supervision and management of the
vehicle emission inspection process, the testing agencies must
be connected with the environmental protection management
department through the internet, the testing process must be
conducted online, and the vehicle information and tested
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 PEMS test results of different types of heavy-duty diesel vehi-
cles. M2: Vehicles designed and constructed for the carriage of
passengers, comprisingmore than eight seats in addition to the driver's
seat, and having a maximum mass not exceeding 5 tons; M3: vehicles
designed and constructed for the carriage of passengers, comprising
more than eight seats in addition to the driver's seat, and having
a maximum mass exceeding 5 tons; N2 vehicles designed and con-
structed for the carriage of goods and having a maximum mass
exceeding 3.5 tons but not exceeding 12 tons; N3: vehicles designed
and constructed for the carriage of goods and having a maximum
mass exceeding 12 tons.

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 1

40
0.

 D
ow

nl
oa

de
d 

on
 1

7/
10

/1
40

4 
06

:2
4:

42
 ..

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
emission results must be recorded and stored reliably, and
uploaded to the environmental protection management
department. The GB 3847-2018 standard also species the
methods and procedures for visual inspection and OBD
inspection of diesel vehicles, and their determination criteria.23

“Sky” refers to the remote sensing monitoring of vehicle
emissions under road driving conditions. Remote sensing,
which can measure exhaust emissions of a large sample of on-
road vehicles in a short period of time without interrupting
traffic, has been used to detect vehicle emissions for more than
30 years,24–26 and has achieved good application results by
cooperating with and strengthening the vehicle emission peri-
odic inspections. In order to screen high-emission diesel vehi-
cles, China issued and implemented the rst national-level
remote-sensing regulation “HJ 845-2017” for measuring
exhaust pollutants from diesel vehicles using remote sensing on
July 27, 2017. The standard requires to detect NO and smoke
emissions from in-use diesel vehicles.27 The remote sensing NO
emission limit is 1500 � 10�6 (ppm), which is used to screen
high-emission diesel vehicles. China is establishing a vehicle
emission remote sensing database and assessing vehicle emis-
sion levels through a big data approach in order to provide
technical support for vehicle emission management measures
at the city level,28 such as vehicle driving restrictions, penalty
determination for high emitters, and establishment of low-
emission zones or incentive schemes for low emission vehicles.

“Personnel” mainly refers to the roadside inspections and
on-site testing of vehicle emissions carried out by vehicle
emission inspectors.29 In 2019, environmental protection
agencies at all levels strengthened their efforts in inspecting the
vehicle emissions. 11 618 300 vehicles were tested in roadside
inspections mainly for exhaust smoke detection, of which
426 400 were found to exceed the emission standards, repre-
senting a fraction of 3.7%. Further, a total of 606 500 vehicles
were tested at parking locations, of which 59 100 vehicles were
identied as high-emitters, accounting for 9.7% of the total
tested vehicles.

At present, China is the rst country to adopt remote OBD for
heavy-duty diesel vehicle emission monitoring, to test NOx
emissions during periodic inspection of in-use diesel vehicles,
and to formulate the rst national level remote sensing standard
for diesel vehicles in the world. China continues to improve its
ability to supervise vehicle emissions. The emission testing
methods for new production vehicles and in-use vehicles are
continuously optimized and the emission limits are also grad-
ually tightened in order to effectively control vehicle emissions
throughout their useful life. The vehicle emission test conditions
have transitioned from the laboratory to the combination of the
laboratory and on the road. The vehicle emission supervision
measures cover the type approval tests of new production vehi-
cles, scheduled and roadside inspection tests of in-use vehicles,
OBD examination of in-use vehicles and remote sensing detec-
tion. Especially for heavy-duty diesel vehicles, in-use compliance
emission tests are required aer vehicles have been put into use,
the remote OBD monitoring system is compulsory to report
emission related information to the vehicle emissionmonitoring
platform, NOx exhaust concentrations are measured in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
periodic inspection, and remote sensing emission monitoring is
used to screen high-emitters. In this study, in order to evaluate
the effect of the above emission monitoring measures, the
exhaust emissions from diesel vehicles were investigated and
analyzed by different methods.
Results and discussion
Heavy-duty diesel vehicle emissions tested using PEMSs

As mentioned previously, control of real driving emissions from
in-use diesel vehicles is crucial for controlling air pollution in
the transportation sector. In order to investigate the emissions
of in-use heavy-duty diesel vehicles, PEMS testing was applied to
measure the emissions of in-use heavy-duty diesel vehicles in
Beijing. 168 China-V and 76 China-VI heavy-duty diesel vehicles
were tested, and the mass emissions of CO and NOx per unit
engine power (g (kW h)�1) are statistically analysed based on
their different types and different emission levels, and shown in
Fig. 2. Table 1 lists the emission limits for heavy-duty diesel
vehicles.21,30,31

The CO emissions of China-V and China-VI heavy-duty diesel
vehicles can meet the type inspection emission limits and the
emission limits for the in-use compliance test using PEMSs.
Regarding NOx emissions, although the NOx emissions of
Environ. Sci.: Adv., 2022, 1, 37–46 | 39
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Table 1 Emission limits for heavy-duty diesel vehicles

Emission stage Test conditions
CO (g (kW
h)�1) NOx (g (kW h)�1) Emission standard

China-V ETC 4.0 2.0 GB 17691—2005
PEMS 6.0 4.0 HJ 857—2017

China-VI WHTC 4.0 0.46 GB 17691—2018
PEMS 6.0 0.69 GB 17691—2018

Fig. 3 PEMS test results of NOx emissions from heavy-duty diesel
vehicles at different emission stages.
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China-V M2, M3, and N2 heavy-duty diesel vehicles exceed the
type inspection emission limit of the engine test cycle, the NOx
emissions of China-V M2, M3, N2, and N3 heavy-duty diesel
vehicles all meet the emission limits for in use compliance test
with PEMSs, and the NOx emissions of the four types of M2, M3,
N2, and N3 China-VI heavy diesel vehicles all meet the vehicle
PEMS test emission limit.

Based on on-board emission test results of heavy-duty diesel
vehicles in the past ten years, a statistical analysis of the NOx
emissions of heavy-duty diesel vehicles at different emission
stages is shown in Fig. 3.

Fig. 3 shows that with the continuous tightening of emission
standards, the NOx emissions of heavy-duty diesel vehicles have
declined signicantly. For China-VI heavy-duty diesel vehicles,
the PEMS tested NOx emission results can fully meet the
emission limits both for the engine and vehicle.
Fig. 4 Specific NOx emissions of heavy-duty diesel vehiclesmeasured
by remote OBD.

Table 2 In-use diesel vehicle NOx and exhaust smoke emission limitsa

Test method

NOx (10�6)
Exhaust smoke
opacity (m�1)

Limit A Limit B
Limit
A

Limit
B

Lug down test 1500 900 1.2 0.7

a Limit A applies to the in-use diesel vehicles nationwide, and limit B
applies to the in-use diesel vehicles used in low-emission zones.
Remote OBD monitoring data of heavy-duty diesel vehicles

Beijing Municipal Environmental Protection Bureau requires
that the remote OBD monitoring equipment must be installed
on China-V and former heavy-duty diesel vehicles operating in
Beijing, so as to monitor the real-time diesel vehicle emissions,
and transfer vehicle emission related data to the vehicle emis-
sion monitoring center in real time.32 For diesel vehicles not
equipped with a NOx sensor from the factory, the OBD remote
online monitoring system including the nitrogen oxygen sensor
must be installed to monitor the emissions of heavy duty diesel
vehicles in real time, and transfer to the monitoring platform
the required information including vehicle position, NOx
emission, urea level, engine coolant temperature, engine fuel
ow, vehicle speed, engine speed, fault indicator status, the
percentage of actual engine torque, engine reference torque,
40 | Environ. Sci.: Adv., 2022, 1, 37–46
atmospheric pressure, etc. The remote OBD system must be
monitored using the anti-tampering system in order to nd
removal or deactivation of any sensor that prevents it from
diagnosing the failures in the emission control system.

For the China-VI emission standard, all China-VI heavy-duty
diesel vehicles must be connected to the monitoring center
using an on-board remote OBD system through the internet.21

At the current stage, the vehicle emission related data are
uploaded to the enterprise monitoring platform, which is
responsible for collecting, processing and storing the vehicle
emission data, and transferring the data to the vehicle emission
monitoring center established by the local ecological environ-
ment departments at all levels.

Based on the NOx sensor data and other related information
of 315 China-VI and 2380 China-V heavy-duty diesel vehicles
transferred by the remote OBD system during actual road
driving, the specic NOx emission results of heavy-duty diesel
vehicles were statistically analysed and shown in Fig. 4. It can be
seen that the average NOx emission test results of the N2 and N3
heavy-duty diesel vehicles equipped with the remote OBD
monitoring system did not exceed the emission limits and the
OBD limits during actual road operation.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Exhaust emissions from in-use diesel vehicles over the lug
down test cycle

The NOx and PM emissions of diesel vehicles typically increase
with the engine load, so the diesel vehicle emission periodic
inspection, which is called the lug down test, is performed on
a chassis dynamometer at the maximum power output of the
driving wheel. For in-use diesel vehicles, exhaust smoke opacity
is detected to characterize PM emissions. Table 2 shows the
NOx and exhaust smoke emission limits for the periodical
inspection of in-use diesel vehicles.23

In this paper, the NOx emission and exhaust smoke opacity
data of diesel vehicles tested over the lug down cycle in Beijing
are statistically analysed to investigate the emission status of
diesel vehicles in Beijing. The probability distribution and
cumulative distribution probability of the NOx emission
concentrations and exhaust smoke opacity data tested over the
lug down cycle are shown in Fig. 5.
Fig. 5 Probability distribution and cumulative probability distribution
of the diesel vehicle NOx emission concentrations and exhaust smoke
opacities in the lug down tests.

Table 3 Composition of road types for different vehicle types

Vehicle type

Composition ratios of diff

Urban road (vehicle spee

M1\N1 34%
M2\M3\N2 (except for urban vehicles) 45%
N3 (except for urban vehicles) 20%
Urban vehicles (buses, distribution vehicles) 70%

© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 5 shows that only 1.8% of in-use diesel vehicles exceed
NOx emission limit A, and about 5.5% of in-use diesel vehicles
exceed exhaust smoke limit A during periodic inspection in
Beijing.

The China-V emission standard for new production diesel
vehicles was implemented nationwide since July 1, 2017. The
emission limits for in-use diesel vehicles specied in Table 3 are
determined based on the vehicle type composition and emis-
sion status of in-use diesel vehicles nationwide before 2018. At
that time, China-III and earlier stage diesel vehicles still
accounted for a high proportion of the total diesel vehicles
nationwide. Compared with the national timetable, Beijing
implemented the China-V emission standard since June 1,
2015, two years ahead of the whole country. At present, China-III
and earlier emission stage diesel vehicles in Beijing have almost
been eliminated, and most of the in-use diesel vehicles are
compliant with China-IV and China-V emission standards.
According to Fig. 5a, 83.8% of in-use diesel vehicles can meet
NOx emission limit B. Since the China-VI emission standard
has been implemented nationwide, more and more China-VI
diesel vehicles will replace the old ones, therefore, the NOx
emission limit B should be considered to be applied for in-use
diesel vehicles in Beijing.
Remote sensing emissions of in-use diesel vehicles

Remote sensing has been proven effective in measuring the
exhaust pollutant concentration emissions from gasoline and
liqueed petroleum gas (LPG) vehicles.33,34 And the inversion
calculation method of absolute exhaust concentration emis-
sions from diesel vehicles has also been investigated and is
being optimized and validated by further research.35 The
measurement of vehicle tailpipe pollutant concentrations can
bemore easily used to screen high emission vehicles or to detect
the malfunctions of the vehicle exhaust aer-treatment system,
and can be compared with the tailpipe emissions that are
measured during the vehicle periodical inspection and main-
tenance process.

Although remote sensing typically measures a short time
snapshot of vehicle emissions, the standardized remote sensing
emission data can be used for evaluating the in-use vehicle
emission level. For this purpose, the fuel-specic emission
factors of CO, HC and NO can be calculated based on the
concentration ratios of NO, CO, HC to CO2 in the exhaust plume,
and they can perfectly indicate how many pollutants are created
erent road types

d < 60 km h�1)
Suburban road (60 km h�1 <
vehicle speed < 90 km h�1)

Motorway (vehicle
speed > 90 km h�1)

33% 33%
25% 30%
25% 55%
30% —

Environ. Sci.: Adv., 2022, 1, 37–46 | 41
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Fig. 6 Fuel-based NOx emission factors of diesel vehicles.

Fig. 7 Schematic diagram of the work-based window method.
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per unit mass of fuel burned and can be used to calculate vehicle
emissions and compile vehicle emission inventories.36,37

Based on the remote sensing detection data of heavy-duty
diesel vehicles in the past ten years, the CO and NO emission
factors (g kg�1 fuel) of heavy-duty diesel vehicles compliant with
China I, China-II, China-II, China-IV, China-V and China-VI
were statistically analysed and shown in Fig. 6.

As shown in Fig. 6, the CO emissions of heavy-duty diesel
vehicles at each emission stage are relatively low and stable,
while the fuel-based NOx emission factors of heavy-duty diesel
vehicles show a decreased tendency with the tightened emis-
sion standards. Especially, the NOx emissions of China-VI
heavy-duty diesel vehicles are much lower than other emis-
sion stage counterparts due to the improved emission control
technologies.38,39

The vehicle emission information obtained from the above
detection methods needs to be reported to the vehicle emission
monitoring center online, which greatly improves the ability
and efficiency of vehicle emission supervision. In this paper, the
exhaust pollutant emissions of diesel vehicles are investigated
and evaluated by different methods and proved to be signi-
cantly reduced.

The emission test methods for new production vehicles and
in-use vehicles are continuously improved and the emission
limits are also gradually tightened in order to control vehicle
emissions throughout their usage time. With the gradual phase-
out of China-III light-duty vehicles, China-IV heavy-duty diesel
vehicles and previous vehicles, all vehicles will be equipped with
OBD systems. The OBD system, especially remote OBD for
heavy-duty diesel vehicles, can effectively monitor the mal-
functions related to vehicle emissions, supplemented by vehicle
annual inspection and vehicle emission remote sensing, and
can prevent air pollution from vehicle emissions.

Materials and methods
Heavy-duty diesel vehicle emission testing and data
processing methods using PEMSs

According to the emission regulations, vehicle emission test
routes include urban road, suburban road and highway for real
driving emission test using PEMSs.21 And based on the vehicle
type, the required composition of different road types is dened
in specied ratios, which are shown in Table 3, and allowed to
have a deviation of �5%.

The entire RDE test should be carried out continuously for
90–120 min; the altitude difference between the starting point
42 | Environ. Sci.: Adv., 2022, 1, 37–46
and the end point for the entire journey cannot exceed 100 m,
and the cumulative positive altitude increase of the total travel
route for the test vehicle shall not exceed 1200 m per 100 km.

The processing of PEMS tested emission data for the heavy-
duty diesel vehicles is based on the work-based window
method, which divides the tested emission data during the
entire journey into different subsets based on the power that the
engine produces on the test bench over the ETC or WHTC cycle.
The China-V and China-VI heavy-duty diesel vehicles use ETC
cycle power and WHTC cycle power to determine the window
size respectively. These subsets are called moving average
windows, and the emission data calculation within the moving
average window is performed at a frequency of 1 Hz. The
formula for calculating the instantaneous mass emission rate of
gaseous exhaust pollutants is described as

_mi ¼ ri � Ci � _Qe � 10�3 (1)

where, _mi is the mass emission rate of exhaust pollutant “i” [g
s�1]; _Qe is the measured instantaneous exhaust volume ow rate
[m3 s�1]; Ci is the concentration of exhaust pollutant “i” in the
exhaust [10�6]; and ri is the density of exhaust pollutant “i” [kg
m�3].

It should be noted that all the pollutants involved in the
calculations above need to be corrected to the standard state of
273 K and 101.3 kPa before calculations.

Then, the instantaneous power of the engine is calculated
based on the engine torque and engine speed provided by the
engine electronic control unit (ECU):

p ¼ Ttn

9549
(2)

where, p is the instantaneous power of the vehicle engine, kW;
Tt is the instantaneous torque of the engine (calculated from the
engine reference torque, the actual torque percentage and the
friction torque percentage), N m; n is the engine instantaneous
speed, rpm.

Therefore, the cumulative engine work from time 0 to time t
can be expressed as

W ðtÞ ¼ 1

3600

ðt
0

pdt (3)

where, W(t) is the cycle work of the engine produced from start
to time t, kW h; t is time, s.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 7, the engine work of the j-th moving
average window, which is dened from t2,j to t1,j, needs to meet

W(t2,j) � W(t1,j) $ Wref (4)

where, W(t1,j) and W(t2,j) are the cycle works of the engine from
the beginning to t1,j and t2,j respectively, kW h;Wref is the engine
work over the reference cycle in kW h, which is the ETC cycle for
China-V heavy-duty diesel vehicles, and the WHTC cycle for
China-VI heavy-duty diesel vehicles.

t2,j is selected and determined from formula (5):

W(t2,j � Dt) � W(t1,j) < Wref # W(t2,j) � W(t1,j) (5)

where, Dt is the data sampling period, #1 s.
The total mass emission of each pollutant within the j-th

window can be calculated from:

mi ¼
Xt2;j
t1;j

_mi (6)

where, mi is the total mass emission of pollutant i, g.
The specic mass emission of each pollutant i within the j-th

window can be calculated using formula (7):

ewi ¼ mi

Wðt2;iÞ �Wðt1;iÞ (7)

where, ewi is the specic mass emission of pollutant i per unit
work of the engine, g (kW h)�1.

For the type inspection of heavy duty diesel vehicles, if
emissions within 90% or more of the valid windows meet the
emission limits for RDE, the diesel vehicle is judged to be
emission qualied. However, the main purpose of this paper is
to evaluate the diesel vehicle emission performance, therefore,
the vehicle specic emissions during the entire trip are calcu-
lated as follows:

EFwi ¼
Pn
1

mij

Pn
1

Wj

(8)

where, EFwi is the specic mass emission of pollutant i per unit
work of the engine within the entire journey, g (kW h)�1; n is the
total number of valid moving averaging windows.
Remote OBD monitoring of heavy-duty diesel vehicle
emissions

Nowadays, vehicle emissions are the prime air pollution source
in Beijing, therefore the China-V heavy-duty diesel vehicles
registered in Beijing are required to install remote OBD moni-
toring terminals, which are used to transmit the vehicle emis-
sion related data to the vehicle emission monitoring platform
so as to realize real-timemonitoring and normalized tracking of
the heavy-duty diesel vehicle operating conditions and pollutant
emission information.40 In addition, large amounts of heavy-
duty diesel vehicle emission data can be analyzed by using the
big data method to screen high emission vehicles, evaluate
vehicle emissions and build vehicle emission inventories. And
© 2022 The Author(s). Published by the Royal Society of Chemistry
remote monitoring of the heavy-duty diesel vehicle emissions
also provides a reliable scientic basis for environmental
management and macroeconomic decision-making in a timely
manner.

Based on the received remote OBD information, the emis-
sion factor of pollutant i per unit work of the engine during the
vehicle driving period from t1 to t2 can be calculated from

ewi ¼
Ð t2
t1

_midt

Ð t2
t1

Ttn

9549
dt

(9)

where, _mi is the mass emission rate of exhaust pollutant i, and
can be calculated from formula (1), within which the instanta-
neous exhaust ow rate can be calculated using the instanta-
neous intake air ow rate and fuel injection rate.

Furthermore, the emission factor of pollutant i per unit
distance travelled during the period from t1 to t2 can be calcu-
lated from

edi ¼
3600

Ð t2
t1

_midtÐ t2
t1
vdt

(10)

where, edi is the emission factor of pollutant i per unit distance
travelled, g km�1; v is the vehicle speed, km h�1.

Periodic inspection of exhaust emissions from in-use diesel
vehicles

In the world, the current periodic inspections for in-use diesel
vehicles mainly focus on the exhaust smoke, which indirectly
reects the PM emission. Almost no country tests the NOx
emission of in-use diesel vehicles during the annual inspection.
In order to control the diesel vehicle NOx emission, the emis-
sion standard GB 3847-2018 requires measuring NOx emissions
in the lug down test since May 1, 2019.

Generally, diesel engines produce more NOx and PM under
high load conditions, therefore, the periodic inspection of the
NOx concentration is performed with the fully pressed vehicle
accelerator pedal. The optical absorption coefficient (k) of the
diesel vehicle exhaust gas is measured under the condition of
maximum wheel power (VelMaxHP), which is the maximum
mechanical energy produced by the drive wheel according to the
test procedure dened in the emission standard. The NOx
concentration is only measured under the full load with a speed
which is 80% of the maximum speed of VelMaxHP, while the
optical absorption coefficient (k) of the diesel vehicle exhaust
gas is measured.23

Detection of diesel vehicle emissions by remote sensing

Remote sensing can be used to measure the exhaust concen-
tration emissions from diesel vehicles, and the inversion
calculation method of the absolute concentration of CO2

emission from diesel vehicles can be expressed as35

CCO2
¼ 100

0:5ØHC � 0:5þ 2:38að2ØCO þØHC þ 3þØNOÞ (11)

where, ØCO, ØHC and ØNO are the concentration ratios of CO, HC
and NO to CO2 in the exhaust plume respectively; a is the
Environ. Sci.: Adv., 2022, 1, 37–46 | 43
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excessive air coefficient of the diesel engine combustion under
the test conditions, and can be estimated based on the diesel
vehicle dynamic parameters such as speed and acceleration.35

Then, the absolute tailpipe emission concentrations of CO,
HC and NO from diesel vehicles can be calculated from

CCO ¼ CCO2
ØCO (12)

CHC ¼ CCO2
ØHC (13)

CNO ¼ CCO2
ØNO (14)

The remote sensing measured tailpipe emission concentra-
tion can be used to screen high emission vehicles, and is
comparable with the tailpipe emissions measured during peri-
odical inspection. But for vehicle emission remote sensing, the
instantaneous vehicle exhaust ow is usually difficult to
measure; therefore, the absolute mass emissions of the vehicle
exhaust pollutants can hardly be calculated. As an alternative,
the fuel-based emission factors of CO, HC and NO (g kg�1 fuel)
can be calculated based on the concentration ratios of CO, HC
and NO to CO2, as well as the molecular weights of different
components. The fuel-based emission factors can be used to
evaluate the vehicle emission level.

The fuel-based emission factors of CO, HC and NO can be
calculated from the equation:41

EFP ¼ MP

Mfuel

� ØP

1þØCO þ 6ØHC

(15)

where, EFP is the fuel-based emission factor of pollutant P (CO,
HC and NO) in g kg�1 fuel, and MP is the molecular weight of
pollutant P (CO, HC and NO) in g mol�1. For diesel, the molar
mass Mfuel is 0.01385 kg mol�1, and the hydrocarbon ratio is
1.85; ØP represents ØCO, ØHC or ØNO.
Conclusions and future perspectives

In order to monitor vehicle exhaust pollution, the integrated
vehicle emission monitoring system composed of sky, ground,
vehicle and personnel has been set up in China, and vehicle
emission supervision covers all aspects of vehicle use including
new vehicle type test, vehicle in-use compliance test, periodic
inspection of in-use vehicles, roadside spot check and remote
sensing. Especially for heavy-duty diesel vehicles, remote OBD
monitoring and periodic inspection of NOx emissions are
compulsory. The vehicle emission information obtained from
all these detection methods are reported to the vehicle emission
monitoring center online, which greatly improves the ability
and efficiency of vehicle emission supervision. In this paper, the
exhaust pollutant emissions of diesel vehicles are investigated
and evaluated by different methods and proved to be signi-
cantly reduced. In this study, the exhaust emissions of heavy-
duty diesel vehicles were investigated and evaluated by
different methods, and the results show the trend of emission
reduction with the progress of emission control technology and
emission standards for heavy-duty diesel vehicles.
44 | Environ. Sci.: Adv., 2022, 1, 37–46
The emission test methods for new production vehicles and
in-use vehicles are continuously improved and the emission
limits are also gradually tightened in order to control vehicle
emissions throughout their usage time. With the gradual phase-
out of China-III light-duty vehicles and China-IV and earlier
heavy-duty diesel vehicles, all vehicles will be equipped with
OBD systems. The OBD system, especially remote OBD for
heavy-duty diesel vehicles, can effectively monitor the mal-
functions related to vehicle emissions, supplemented by vehicle
annual inspection and vehicle emission remote sensing, and
can effectively prevent air pollution from vehicle emissions.
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