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Abstract: The penetration of diesel particulate filters (DPFs) in the market is growing fast. However,
in the current inspection/maintenance (I/M) regulation for these vehicles, particulate emissions were
capped with smoke opacity, which is incompetent to identify the excessive particle number (PN)
induced by non-major DPF failures such as small cracks in substrate. This research aimed at devel-
oping a fast identification method for such malfunctioning vehicles using a low-cost condensation
particle counter (CPC). To verify the effectiveness of idle PN test, 33 China-5 and China-6 heavy-duty
vehicles fueled with diesel and natural gas (NG) were tested using the regulatory portable emission
measurement system (PEMS) as per China-6 protocol and idle PN tests using a low-cost CPC-based
system. PN emissions from China-6 vehicles with malfunctioning DPFs were at a similar level to
those from China-5 vehicles (without DPF), which were significantly higher than the proper counter-
parts. Idle PN tests using a CPC-based system managed to identify the vehicles with DPF failures.
Volumetric PN concentrations of these vehicles were much higher than those of the proper ones.
This study proved that an easy, fast, and low-cost procedure could be used to screen out those high
emitters with DPF failure.

Keywords: PN emission; diesel particulate filter; idle working state

1. Introduction

Particulate matter (PM) is one of the major urban air pollutants in developing coun-
tries, with mobile sources being a dominant contributor. To curb tailpipe PM emissions
and to purify the sky, mass-based PM regulations were promulgated decades before and
have been updated periodically until today [1]. However, mass-based PM limits confront
greater challenges; through the application of high-pressure fuel injection systems and
advanced combustion concepts, PM has been reduced by at least an order of magnitude,
while the particle number (PN) increased notably as the mean diameter of exhaust particles
dropped to a much smaller level. Decreased sizes and mass of diesel exhaust particles
are approaching the accuracy limit of the filter weighing method [2–4]. Together with
the widely-reported higher health risks of smaller particles associated with easier inhala-
tion, longer deposition, and greater potential of carrying dangerous substances such as
the COVID-19 virus [3,5–10], number-based harmonizing with mass-based particulate
regulation is deemed necessary.

Currently, PM and PN limits for light- and heavy-duty road vehicles have been
implemented by major economic entities, such as the EU member states, China, and India.
In China, PN requirements were introduced to heavy-duty vehicles starting from the
promulgation of the China-6 regulation, which has been effective since July 2021 and which
mandates that work-based PN emissions shall be no higher than 8.0 × 1011, 6.0 × 1011,
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and 1.2 × 1012#/kWh in the World Harmonized Steady Cycle (WHSC), World Harmonized
Transient Cycle (WHTC), and PEMS tests, respectively [11].

Using diesel particulate filters (DPF) is a straightforward but efficient solution for
global ever-tightening PN regulations [12]. DPFs have a high filtering efficiency for particu-
late matter from automotive exhaust of above 95% [13,14], which means that PN emissions
in the exhaust emissions of vehicles equipped with DPF are reduced by about 2 to 3 or-
ders of magnitude, even lower than some direct-injection ignition engine vehicles without
particulate filters [15–20]. Research has suggested that the adoption of diesel DPFs could,
globally, reduce the total black carbon (BC) emissions by 10% and, therefore, alleviate
global warming [21–24]. To comply with the more stringent exhaust regulations in China-6,
heavy-duty vehicles are commonly equipped with DPF. The alternatively-plugged chan-
nels with the porous microstructure of substrate allow DPFs to have very high filtration
efficiency for both PM and PN. However, once a crack emerges inside a DPF monolith,
either as a result of mechanical or thermal damage or tampering, engine exhaust won’t flow
through the porous filtration medium, disabling the blocking of particles from the exhaust
stream. Hence, even a small crack inside, which is typically regarded as a non-major failure,
as the mechanical structure of the substrate is still visually complete, could significantly
reduce the effectiveness of DPF and increased PN emissions, posing major in-service non-
compliance risks even for the vehicles with short mileage. Prior studies estimated that
a considerable number of in-use diesel vehicles could have DPF failure problems [25,26].

On-board diagnostics (OBD) systems can detect DPF malfunction by monitoring
the pressure drop before and after DPF or by using a soot sensor [27]. Given that on-
board monitoring (OBM) of PM is currently non-obligatory in the EU and China, indirect
diagnosis based on pressure drop still dominates the market. According to the heavy-duty
China-6 regulation, the OBD system shall record a diagnostic trouble code (DTC) and
illuminate the malfunction indicating light (MIL) on the dashboard once it has confirmed
that the tailpipe PM emission had exceeded 25 mg/kWh. Besides, there is no diagnostic
requirement for PN. Thus, OBD systems only manage to detect severe damages of DPF or
removal. Non-major damages of DPFs, such as small cracks, could hardly be noticed and
receive timely and proper repair [28,29].

Seilor [30] and Dabhoiwala [31] observed apparent pressure difference and flow
difference between the inlet and outlet of a defeat DPF monolith, but this back pressure-
based identification method failed to be reproduced with only the presence of small cracks
because the pressure difference might be negligible and below the confidence margin
of industry pressure sensors in real applications. Besides, for pressure-based methods,
it’s usually preferable to perform the diagnostic with some engine loads, since pressure
difference theoretically increases with space velocity. Such a requirement complicates
the test system and confines the application scenario because a chassis-dynamometer is
typically needed [32].

Sensors using different principles were also promoted to diagnose DPF failure. Ma-
lik [33] investigated the feasibility of detecting particulate matter emission of diesel engines
and monitoring DPFs by detecting the resistivity between two comb-like staggered elec-
trodes and attained a positive outcome. Ochs et al. [34] proposed a sensor that reported
whether the vehicle’s particulate emission exceed regulation by measuring the decreasing
rate of the resistance between the two inter-digitated comb-like electrodes. Ntziachristos
et al. [35] designed a sensor to detect the particle concentration from diesel vehicles using
the “escaping current” method. The sensor first charged the exhaust-borne particles and
then measured particulate concentration indirectly by gauging the “escaping current”.
Nevertheless, these two methods were mainly PM, rather than PN, orientated; based on
the accurate quantification of PN and judging the status of DPF, these methods may be
somewhat problematic, because PN is more sensitive to the boundary conditions of testing.

Sappok et al. [36] proposed a novel technique to diagnose DPF’s failure using radio
waves, but this method requires a radio frequency (RF) sensor, which increases the cost
and reduces its feasibility in retail. Maricq [37] investigated the feasibility of the particulate
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measurement using an electrostatic soot sensor; this method still suffers from factors such
as exhaust flow rate.

In addition to indirect diagnostics using sensors, direct measurement procedures of
PN were also attempted. Bémer [38] tried to detect malfunctioning DPFs of non-road
mobile machinery using a portable air flow meter and PN measurement devices such as
DISCMini, both the apparatus and process of which are still too complicated for inspection
and roadside spot checks. Fleischman et al.’s [39] showed that, for buses, the standard
deviations of particulate matter measurement at high idle were much lower than those
at idle, exploring a pathway for easy and quick PN-based DPF health diagnostics. Most
recently, the fast quantification of tailpipe PN emissions have received increasing atten-
tion from both industry and academia as four EU member states, Germany, Netherland,
Switzerland, and Belgium, have announced a plan to include fast PN measurement in
their domestic periodic technical inspection (PTI) tests for light-duty vehicles. A variety of
prototype instruments and testing procedures have been proposed [28,40]. Although the
currently available direct and indirect measurement methods have been able to quantify
PN emissions, the simplification of the testing system and procedures to application in PTI
tests is still worthy of investigation [28].

The aim of this research was to develop a simple and fast identification method for
heavy-duty DPF failures using a low-cost condensation particle counter (CPC)-based sys-
tem, which can be applied to occasions that require fast identification of high-emitters,
such as PTI tests. In China, annual PTI tests, including safety and emission checks,
are mandatory for heavy-duty vehicles. However, as a key part of I/M program, cur-
rent PTI tests for emissions only require smoke opacity and NOx using the lug-down
procedure, which is unable to screen out high-emitters with non-major DPF damages. [41]
For this purpose, 33 China-5 and China-6 compliant diesel and natural gas (NG)-fueled
heavy-duty vehicles were tested using (1) PEMS by following the regulatory protocol and
(2) low-cost CPC-based system. The results were compared to validate the effectiveness of
the proposed simplified procedures.

2. Experimental Methods
2.1. Principle of Diesel Particulate Filter (DPF)

DPF is an after-treatment device that reduces the majority of engine-out particulate
emissions. A classic DPF structure comprises a metallic shell, a cordierite or silicon carbide
substrate, and liner. Figure 1 shows the structure of one DPF channel. As shown, the gas
flow access is labyrinth-like; exhaust gas flowed through the alternatively plugged ends,
and the particulate matter, mainly soot and ashes, were filtered and deposited alongside
the inlet channel wall in the DPF substrate. Most of the exhaust particles were blocked by
diffusion, interception, and impaction mechanisms chiefly depending on the particle sizes.
The filtration efficiency of a clean DPF is not as high as its nominal effectiveness, but it will
gradually increase to an above-90% level as exhaust particles continue plugging into the
holes across the filtration medium and once a soot-cake layer is established. Soot-cake layer
provides extra filtration efficiency because it functions similar to an additional filtration
medium with lower permeability; however, this increment in filtration efficiency inevitably
comes at the price of an extra pressure drop, inducing engine derating and fuel penalty.
Therefore, when the particulate matter inside a DPF accumulates to a certain amount,
the regeneration strategy must be triggered. The regeneration strategy works by oxidizing
particulate matter stored in DPF in high temperature using oxidizable gases in exhaust,
such as O2 and NO2 [42]. There is usually a noble catalyst washcoat on the inner surface of
DPF substrates to ease these regeneration reactions occurring at lower temperatures [43].

The filtration efficiency of DPFs in real applications may be significantly below expec-
tation once small cracks on the monolith appear. The cracks could be the consequences of
mechanical damages, uneven thermal stress, ablation, and even tampering. Cracks pro-
vide a shortcut with much lower flow resistance for the engine exhaust. Without flowing
through the porous channel walls, a DPF quickly loses its filtration efficiency, evidenced by
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the comparably slower soot accumulation at crack sites and the 1–2 orders of magnitude
higher PN readings [44]. Correspondingly, the vehicle’s tailpipe PM/PN emissions with
a malfunctioning DPF are also subject to non-compliance risks. It is also worth noting
that the soot-cake inside a DPF as an additional filtration layer could be a variable of PN
measurement; however, compared with light-duty vehicles, this influence on heavy-duty
vehicles should be smaller because most of the market-available DPFs are with noble metal
washcoats in order to realize continuous regeneration and lower back pressure [28].
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2.2. Choice of Testing Vehicles and Working Conditions

The 15 N3-category heavy-duty vehicles were tested using regulatory PEMS, including
3 China-5 diesel trucks (2 without DPFs and 1 with DPF), 10 China-6 diesel trucks (all
with DPFs, 4 of which were malfunctioning) and 2 China-6 NG trucks (without filters).
The main specifications of the tested vehicles are listed in Table A1 in Appendix A. The
malfunctioning DPFs reported in this paper were first noticed with excessive PN emissions
in repeated PEMS tests. Technicians invited from the manufacturers’ service stations
confirmed the existence of small cracks on the monolith with on-site disassembly and
visual inspection.

PEMS tests were performed as per the standard procedures as clarified in the heavy-
duty China-6 regulation. A valid test trip lasted for at least two hours and 100 km, which
sequentially comprises urban, rural, and highway stages defined by the average driving
speed of the vehicle, whose proportions in total distance were 20%, 25% and 55%, re-
spectively. The testing route for vehicles were all the same. The cumulative engine work
over the entire trip was mandated within 4–7 times the cumulative work of the WHTC.
All the tests were performed with an engine coolant temperature above 70 ◦C. The pay-
loads of tested vehicles were at 10%, which met the lowest requirement of payloads in the
China-6 standard.

PN emissions were calculated by the WHTC-work-based window method after the
test ended. The i-th work-based window started at the i-th time point and ended at the time
point just beyond the WHTC cycle work. The starting time point of the i-th work-based
moving average window was set as t1,i, the ending time point of the same window was set
as t2,i, and the total number of windows as w; then, the starting point of the last window
was determined in Equation (1):

W(tn) − W(t1,w − ∆t) ≤ Wref ≤ W(tn) − W(t1,w) (1)

where tn is the last time point, Wref is the engine work for the WLTC [kWh], W(t) is the
engine work from start to time t [kWh], and ∆t is the data sampling period, equal to 1 s
or less.

In this way, the start time point of the i-th window t1,i is determined as:

t1,I = ti, I = 1, 2, . . . , w (2)

where ti is the time point corresponding to the i-th data point.
Thus, the end time point of the i-th t2,i should be selected as below:

W(t2,i − ∆t) − W(t1,i) ≤ Wref ≤ W(t2,i) − W(t1,i), I = 1, 2, . . . , w (3)
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The work-specific PN emission of the window ePNi can be determined in (4):

ePNi =
mPNi

W(t2,i)− W(t1,i)
(4)

where mPNi is the total PN emission in the i-th window (#/window).
Post-processing software (HORIBA PP) purchased with HORIBA OBS-ONE was used

to calculate PN-PEMS emissions.
The heavy-duty China-6 regulation mandates that the emission factors within at least

90% of the calculated windows shall be no higher than the limit values before a vehicle
could pass a formal PEMS test. To verify, the emission factors of all the calculated windows
were first sequenced from low to high, and then the 90th percentile was compared with the
limits. In addition to the work-based moving average window results, the instantaneous
emission rates were also calculated straightforwardly to give distance-based and work-
based PN factors.

Along with the WHTC-work-based window PN emissions, the integrated PN emis-
sions using second-by-second emission rates were also calculated.

2.3. Test Apparatus

For PEMS testing, a regulatory instrument, HORIBA OBS-ONE, was employed.
Gaseous pollutants, particle number, exhaust flow rate, OBD stream data, and GPS infor-
mation were recorded in the frequency of 1 Hz. A more detailed introduction of HORIBA
OBS-ONE can be found elsewhere [38]. In the tests, the PEMS was fastened in the carriage
of the truck with rubber parts isolating the road vibration. Before and after each PEMS test,
the gas modules of the instrument were calibrated and checked with zero and span gases
with known concentrations, while the PN analyzer was validated with comparisons to
both the stack analyzer and the TSI standard particle generator in a certification laboratory
in Beijing.

The 15 PEMS vehicles plus additional 18 N3-category vehicles (in total, 13 China-
5 diesel, 2 China-5 NG, and 3 China-6 NG vehicles) were subject to a fast identification
testing protocol designed in this research to validate the feasibility of using a low-cost CPC-
based system to screen out high-emitters in I/M and roadside spot check scenarios. The
adopted low-cost CPC-based system in this research was an automotive particle analyzer
(APA) built by Sensors Inc., whose flow diagram is shown in Figure 2a. This light-weight
particle counter shared a framework design with particulate matter programme (PMP)-
compliant devices. An evaporation tube (ET) was placed in between the two ejector dilutors.
An isopropanol-fueled condensation particle counter (CPC) detector was used for particle
counting. The major specifications of the CPC detector are shown in Table 1.

The principle of the CPC detector is shown in Figure 2b. As the particle-laden gas
sample enters the CPC detector’s stabilizing chamber, it is saturated with the CPC detector’s
solvent vapor, which is isopropanol (IPA) in APA. The stream then passes to the growing
chamber, where the walls are wetted walls to increase the vapor pressure. The high
diffusivity of the solvent allows the vapor to permeate the sample stream faster than the
air stream can be heated by the walls. The mixture is then cooled in the condenser tube,
causing the vapor to become supersaturated and condense onto the particles, causing them
to increase in diameter, to an effective total diameter of approximately 10 µm, so they can
be detected by the optical sensor, where a pulse of light from each particle is converted to
an electrical signal.

To reduce the apparatus expense of possible future PN fast testing, the detection range
of this low-cost CPC was designed to be about two orders of magnitude smaller than
a PEMS CPC but was still deemed competent for DPF failure identification because the fast
identification procedure only contains idle PN testing [45,46]. The instrument was a retail
version validated by its manufacturer; before the tests, the readings of the instrument and
PEMS were compared at idle, which showed good agreement.

The procedures of idle PN tests are shown in Figure 3.
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Table 1. Specifications of CPC detector.

Specifications Value

Response Time (t10–t90) <5 s

Zero Check <2#/cm3 30 s average when sampling HEPA filtered air
(>99.995% filter efficiency with ambient background concentration < 2 × 104#/cm3)

Resolution 1#/cm3

Accuracy (Laboratory Test) ±15% relative or ±40#/cm3 absolute, whichever is greater
(Monodisperse 70 nm)

Repeatability (Laboratory Test) 3 Repeats 30 s average data ±10% @1 × 103–2 × 104#/cm3

(Monodisperse 70 nm)

Linearity (Laboratory Test)

R2 > 0.95 For Entire Concentration Range
Intercept < 0.5% of Full Scale

Minimum 6 points between 0 and 2 × 104#/cm3

(Monodisperse 70 nm)

Efficiency (Laboratory Test)

Monodisperse Counting Efficiencies @1 × 103–2 × 104#/cm3

10 nm < 0.80
23 nm 0.75–1.05
41 nm 0.85–1.15
50 nm 0.85–1.15
80 nm 0.85–1.15

100 nm 0.85–1.15
200 nm 0.85–1.15

Given that the regeneration of DPFs will shortly release a large number of particles,
especially the particles with a diameter smaller than 30 nm [47], to avoid any artefact [48,49],
no major regeneration events occurred in all the tests reported in this paper and no vehicles
had actively regenerated before the idle tests. This requirement is also in alliance with the
regulatory protocol.

3. Results and Discussions
3.1. Results of PEMS Tests

Figure 4a,b illustrates the distance- and work-based PN emission factors of the 1 PEMS
testing vehicles, while Figure 4c,d depicts the PN emissions corresponding to the 90 per-
centiles of moving average window calculation results (low-to-high sequence) and the
averaged idle PN concentrations measured by PEMS. The dotted line in Figure 4c is the
PN-PEMS cap (1.2 × 1012#/kWh). Vehicle 2 is a DPF-fitted China-5 vehicle designed to
meet the specific requirements of Beijing. However, its DPF is not as efficient as that of
China-6 vehicles. From Figure 4, it is obvious that, compared to China-5 diesel vehicles,
China-6 diesel vehicles with intact DPFs had lower PN emissions; both the distance- and
work-based PN emission factors were 1~3 orders of magnitude lower. China-6 diesel
vehicles with malfunctioning DPFs had similar PN emissions with China-5 counterparts.
The PN emissions of China-6-compliant NG and normal diesel vehicles were also close to
each other. At idle, the PN emissions of the China-5 diesel without DPFs and the China-
6 diesel vehicles with malfunctioning DPFs, on an ensemble average, were above the PN
concentration of ambient air, in contrast to the ambient-equivalent, or even 1–2 orders of
magnitude lower PN concentrations of proper China-6 vehicles, either fueled with NG or
diesel. In PN-PEMS tests in idle, the PN emissions of China-6 compliant diesel vehicles
with intact DPFs were notably lower than those from NG counterparts; some China-6 diesel
vehicles with intact DPFs even had a low PN emission concentration of less than 103#/cm3.
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Figure 4. PN emission and idle PN concentration measured by PEMS test. (a) Average PN emission
rate by total mileage; (b) Average PN emission rate by total work; (c) 90% window PN emission rate;
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The urban, rural and motorway- integrated emissions of all PEMS-tested vehicles are
plotted in Table A2 in Appendix A; their integrated PEMS results can be seen in Table A3 in
Appendix A. Detailed analysis of the four types of heavy-duty vehicles tested is provided
in Appendix B.

From the emission test results of the four types of vehicles mentioned above, it can
be concluded that China-6 diesel vehicles with malfunctioning DPFs emitted 1–3 orders
of magnitude higher PN emissions than the proper counterparts. PN emissions from
China-6 vehicles with failure DPFs were at a similar level to those from China-5 vehicles
without DPFs. Idle PN tests using a low-cost CPC system were further performed on the
vehicles with malfunctioning DPFs, as given in Figure 5. Volumetric PN concentrations
of these vehicles were 1–2 orders of magnitude higher than the proper ones and higher
than the ambient air. This contrast between proper and malfunctioning vehicles creates
a solid fundament to pick out high emitters with DPF failure with an easier procedure,
wider scenarios, and lower prices.
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3.2. Results of Idle PN Concentration Tests

Figure 5 shows the idle PN concentration test results of the 33 test vehicles using
a low-cost CPC system; the results of PN-PEMS tests for selected vehicles are shown in
Table A3 in Appendix A.

In Figure 6, the idle PN test results of diesel and NG vehicles with and without DPF
failures are grouped and subject to a statistical analysis. Since there was only one China-
5 diesel vehicle equipped with DPF, which is specifically designed for the Beijing market,
this category is not presented in Figure 6.
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From Figures 5 and 6, it is obvious that the idle PN emissions of the tested China-
5 diesel vehicles were very close (except the one equipped with DPF), while idle PN
emissions of the tested China-5/6 NG vehicles were at a similar level. As for the tested
China-6 diesel vehicles, most of them were found with intact DPFs, their idle PN emissions
were close to China-5/6 NG vehicles; however, there were four vehicles whose DPFs were
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malfunctioning (all have been confirmed with PEMS and professional diagnosis), and their
idle PN emission level was significantly higher than those with intact DPFs.

As shown in Figure 6, from 1 × 104 to 1 × 106#/cm3, there was a channel traversing
between the upper range of proper China-6 diesel, which was also close to the upper range
of China-5/6 NG, and the bottom line of China-5 diesel. The presence of such a channel
creates a solid basis for the possible identification of non-major DPF damages with idle PN
tests using low-cost CPC systems. It can be also noticed in Figure 5 that one proper China-
6 diesel and the DPF-fitted China-5 diesel reported idle PN results around 1 × 104#/cm3,
inferring the necessity of reserving a security margin when setting the PN threshold for
suspected DPF failure. To balance the risk of misjudgment and the cost-benefit ratio of
the method, it is recommended to set the PN threshold to no lower than 2.5 × 104#/cm3;
a phase-in strategy could be considered.

Undoubtedly, the lower the PN threshold, the greater chance to screen out high-
emitters and to forbid tampering. However, at its initial stage, the PN threshold is not
essentially stringent, with the very complicated status quo of in-service vehicles being
a constraint. A comparison between the heavy-duty vehicles in China, which, at the mo-
ment, seems more promising to be idle PN tested, and the proposed value of 2.5 × 105#/cm3

for light-duty vehicles in the EU member states will help elaborate this. In China, DPFs on
heavy-duty vehicles first became unavoidable with the implementation of China-6. Apart
from the low number of vehicles that participated in the retrofit programs encouraged by
some local governments, DPF is not presented on most in-service vehicles. The big gap
between the PN emissions with and without DPF allows for a stricter PN threshold. In
contrast, the case of PTI for light-duty vehicles in the EU is more difficult; the enrollment of
DPFs could at least date back to Euro-5. Complicated technical pathways and long service
time for some of the potentially affected vehicles will exacerbate the difficulty of setting
a strict threshold and its future implementation.

Similar to the implementation experience of remote sensing detection (RSD), a PN
threshold capable of picking out the dirtiest 10% or 20% of vehicles from the fleet will be
largely successful, because a majority of emissions from road vehicles are attributed to this
small group of preservation.

4. Conclusions

In this article, both PEMS tests in accordance with heavy-duty China-6 regulations
and idle PN emission tests using a low-cost CPC system were performed on 33 China-
5/6 diesel and NG-fueled vehicles to validate the feasibility of prompting a simple and
quick procedure to use idle PN tests to screen out vehicles with DPF malfunction from
in-use fleets. The following conclusions were attained.

• PN emissions from China-6 heavy-duty diesel vehicles with malfunctioning DPFs
were 1–3 orders of magnitude higher than those of the proper counterparts, which
were at a similar level to those from China-5 heavy-duty diesel vehicles without DPFs;

• PN emission levels of the tested China-6 heavy-duty NG vehicles were close to those
of China-6 diesel vehicles with proper DPFs.

• In idle PN concentration, there was a gap between the level of the tested China-
6 diesel vehicles with proper DPFs and the level of idle PN concentration of tested
China-5 diesel vehicles.

• Idle PN concentrations of DPF-malfunctioning China-6 heavy-duty vehicles were
1–2 orders of magnitude higher than the proper ones and China-5/6 heavy-duty NG
vehicles, and they distributed in this region.

Based on the experimental results, it is practical to identify malfunctioning DPFs of
China-6 heavy-duty diesel vehicles by measuring idle PN emissions using a low-cost CPC
system; it is recommended to set the idle PN threshold for suspected DPF damages to no
smaller than 2.5 × 104#/cm3.
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Abbreviations

BC Black Carbon
CPC Condensation Particle Counter
DPF Diesel Particle Filter
DTC Diagnostic Trouble Code
ET Evaporation Tube
IPA Isopropanol
MIL Malfunction Indicating Light
NG Natural Gas
PTI Periodic Technical Inspection
OBD On-Board Diagnostics
OBM On-Board Monitoring
PEMS Portable Emissions Measurement System
PM Particle Mass
PN Particle Number
WHSC World Harmonized Stationary Cycle
WHTC World Harmonized Transient Cycle

Appendix A

Table A1. Basic information on PEMS tested vehicles.

Vehicle No. Emission
Stage

After-
Treatment

Rated Power
(kW)

Peak Torque
(N·m)

Mileage
(km)

1
China-5
(Diesel)

SCR 206 1100 30,463
2 † DPF + SCR 96 600 3476
3 SCR 430 1600 3742

4 ‡

China-6
(Diesel) DPF + SCR

412 2620 3985
5 ‡ 136 680 3712
6 ‡ 341 2300 30,822
7 ‡ 341 2300 46,626
8 316 2000 14,643
9 316 2000 15,810
10 316 2000 16,264
11 341 2300 5232
12 341 2300 6370
13 316 2000 18,171

14 China-6
(LNG) TWC

289 2100 17,1812
15 289 2100 63,438

After Treatment: DPF: diesel particulate filter; SCR: selective catalytic reduction; TWC: three-way catalytic
converter. Remarks: † Vehicle 2 is a DPF-fitted China-5 vehicle designed to meet the specific requirements of Beijing.
However, its DPF is not so efficient as that of China-6 vehicles. ‡ Vehicle 4, 5, 6 and 7 has malfunctioning DPFs.
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Table A2. Urban, rural and highway integrated emissions of all PEMS-tested vehicles.

Vehicle
No.

Average PN Emission Rate by
Total Mileage

#/km

Average PN Emission Rate by
Total Work

#/kWh
Urban Rural Highway Urban Rural Highway

1 2.45 × 1013 2.82 × 1013 2.93 × 1015 7.55 × 1014 6.26 × 1014 2.45 × 1013

2 † 1.73 × 1011 3.11 × 1011 6.02 × 1011 4.35 × 1011 7.41 × 1011 1.73 × 1011

3 2.66 × 1013 2.98 × 1013 3.32 × 1013 1.48 × 1013 1.76 × 1013 2.66 × 1013

4 ‡ 3.21 × 1013 2.85 × 1013 1.54 × 1013 1.64 × 1013 1.66 × 1013 3.21 × 1013

5 ‡ 1.07 × 1012 4.72 × 1012 6.43 × 1011 2.04 × 1012 6.92 × 1012 1.07 × 1012

6 ‡ 2.76 × 1013 2.97 × 1013 4.60 × 1013 2.06 × 1013 1.91 × 1013 2.76 × 1013

7 ‡ 1.83 × 1012 3.34 × 1012 3.58 × 1012 1.36 × 1012 1.74 × 1012 1.83 × 1012

8 3.92 × 1010 6.72 × 1010 2.13 × 109 3.13 × 1010 4.84 × 1010 3.92 × 1010

9 6.16 × 1010 6.87 × 1010 2.52 × 1010 5.19 × 1010 5.18 × 1010 6.16 × 1010

10 6.55 × 1010 7.98 × 1010 5.60 × 109 5.87 × 1010 6.63 × 1010 6.55 × 1010

11 5.25 × 1010 1.14 × 1011 3.71 × 1010 4.31 × 1010 8.31 × 1010 5.25 × 1010

12 2.84 × 1010 3.10 × 1011 6.81 × 1010 2.55 × 1010 1.86 × 1011 2.84 × 1010

13 1.06 × 1011 1.03 × 1011 3.39 × 1010 7.15 × 1010 7.98 × 1010 1.06 × 1011

14 1.12 × 1011 2.06 × 1010 5.04 × 109 8.84 × 1010 1.55 × 1010 1.12 × 1011

15 4.70 × 1010 1.24 × 1010 2.44 × 1011 3.86 × 1010 9.67 × 109 4.70 × 1010

Remarks: † Vehicle 2 is a DPF-fitted China-5 vehicle designed to meet the specific requirements of Beijing.
However, its DPF is not as efficient as that of China-6 vehicles. ‡ Vehicle 4, 5, 6 and 7 has malfunctioning DPFs.

Table A3. Idle PN and PN-PEMS testing results of selected testing vehicles.

Vehicle
No.

Emission
Stage

After-
treatment

Idle PN Con-
centration
Measured

by APA
#/cm3

PN-PEMS
Results
#/kWh

Average PN
Emission

Rate by Total
Mileage

#/km

Average PN
Emission
Rate by

Total Work
#/kWh

Idle
PN Concentration

by PEMS
(Standard
Deviation)

#/cm3

1

China-5
(Diesel)

SCR 3.43 × 106 2.58 × 1014 3.19 × 1013 4.44 × 1013 3.36 × 106

(2.10 × 105)

2 † DPF+SCR 1.02 × 104 2.57 × 1012 2.28 × 1011 6.11 × 1011 1.05 × 104

(2.69 × 103)

3 SCR 1.70 × 106 1.67 × 1014 3.22 × 1013 1.84 × 1013 1.58 × 106

(5.52 × 105)

4 ‡

China-6
(Diesel) DPF+SCR

4.35 × 104 7.57 × 1013 2.96 × 1013 1.64 × 1013 4.16 × 104

(3.35 × 103)

5 ‡ 7.13 × 105 3.19 × 1013 3.38 × 1012 5.29 × 1012 6.98 × 105

(4.31 × 104)

6 ‡ 3.98 × 105 6.38 × 1013 2.98 × 1013 2.07 × 1013 9.24 × 105

(8.79 × 104)

7 ‡ 7.36 × 104 5.33 × 1012 2.34 × 1012 1.54 × 1012 7.02 × 104

(8.24 × 103)

8 2.94 × 102 3.50 × 1011 6.18 × 1010 4.53 × 1010 9.63 × 100

(1.31 × 10-1)

9 2.14 × 102 3.69 × 1011 6.15 × 1010 4.82 × 1010 2.12 × 100

(1.69 × 10-1)

10 4.33 × 102 4.41 × 1011 7.29 × 1010 6.16 × 1010 5.44 × 100

(2.70 × 10-1)

11 9.54 × 103 2.59 × 1011 1.08 × 1011 8.02 × 1010 3.35 × 102

(1.38 × 102)

12 4.08 × 101 3.42 × 1011 1.63 × 1011 1.11 × 1011 1.98 × 103

(2.11 × 102)

13 1.31 × 103 5.82 × 1011 9.55 × 1010 7.42 × 1010 1.60 × 101

(1.15 × 10-1)
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Table A3. Cont.

Vehicle
No.

Emission
Stage

After-
treatment

Idle PN Con-
centration
Measured

by APA
#/cm3

PN-PEMS
Results
#/kWh

Average PN
Emission

Rate by Total
Mileage

#/km

Average PN
Emission
Rate by

Total Work
#/kWh

Idle
PN Concentration

by PEMS
(Standard
Deviation)

#/cm3

14
China-6
(LNG) TWC

1.25 × 103 2.52 × 1011 5.24 × 1010 4.17 × 1010 1.48 × 103

(9.44 × 101)

15 6.12 × 103 3.51 × 1011 3.98 × 1010 3.06 × 1010 6.16 × 103

(6.20 × 101)

16

China-5
(Diesel) SCR

1.88 × 106 N/A N/A N/A N/A
17 2.07 × 106 N/A N/A N/A N/A
18 2.58 × 106 N/A N/A N/A N/A
19 4.37 × 106 N/A N/A N/A N/A
20 1.60 × 106 N/A N/A N/A N/A
21 2.69 × 106 N/A N/A N/A N/A
22 2.54 × 106 N/A N/A N/A N/A
23 2.14 × 106 N/A N/A N/A N/A
24 3.34 × 106 N/A N/A N/A N/A
25 2.88 × 106 N/A N/A N/A N/A
26 2.58 × 106 N/A N/A N/A N/A
27 3.49 × 106 N/A N/A N/A N/A
28 1.65 × 106 N/A N/A N/A N/A

29

China-5/6
(LNG) TWC

4.79 × 102 N/A N/A N/A N/A
30 5.31 × 102 N/A N/A N/A N/A
31 9.37 × 102 N/A N/A N/A N/A
32 7.40 × 103 N/A N/A N/A N/A
33 4.20 × 103 N/A N/A N/A N/A

Remarks: † Vehicle 2 is a DPF-fitted China-5 vehicle designed to meet the specific requirements of Beijing.
However, its DPF is not as efficient as that of China-6 vehicles. ‡ Vehicle 4, 5, 6 and 7 has malfunctioning DPFs.

Appendix B

Figure A1 plots the second-by-second PN concentration and vehicle speed as a function
of time. For each vehicle, from left to right, there are overall status, fragment in acceleration
and fragment in deceleration, respectively. From the above four types of heavy-duty
vehicles, one representative vehicle of each type was selected for data analysis to acquire
typical PN emission data of each type of vehicle. It can be observed in Figure A1 that idle PN
concentrations measured with PEMS of all the four types of vehicles were 1–3 magnitudes
lower than the PN concentrations measured when the test vehicles were moving. With
a known DPF failure, the PN concentrations of China-6 diesel vehicles were at a similar
level as China-5 diesel vehicles. In the entire test trip, the PN concentrations of both types
of vehicles ranged from 104~108#/cm3, while the idle PN concentrations of China-6 diesel
vehicles with intact DPFs were only roughly 100#/cm3. During most of the trip, the PN
concentrations of China-6 diesel vehicles with proper DPFs were 1~2 magnitudes lower
than China-5 and China-6 diesel vehicles with malfunctioning DPFs, the PN concentrations
of China-6 NG vehicles were on the same order as China-6 diesel vehicles with intact DPFs.
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Figure A2 shows the instantaneous work-based PN emission and vehicle speed as
a function of time for the four selected test vehicles. The dotted line in Figure A2 is
the PN-PEMS cap (1.2 × 1012#/kWh). It is obvious that, for China-5 diesel vehicles and
China-6 diesel vehicles with malfunctioning DPFs, the instantaneous PN emissions during
most of the testing duration were in the range of 1012~1015#/kWh, the fluctuations were
more pronounced than the normal vehicles, and the idle PN emissions were also relatively
high; The instantaneous PN emission rate of China-6 diesel vehicles with intact DPFs and
China-6 NG vehicles were below the WHTC limit of 1.2 × 1012#/kWh during most of the
testing duration, which were 3~4 orders of magnitudes lower than China-5 diesel vehicles;
in addition, their idle PN emissions were low.

According to Figures A1 and A2, for vehicles without DPFs or with malfunctioning
DPFs, in the vehicle starting period, the PN emissions grew with the acceleration of the
vehicles. It was also observed that PN emission decreased as the test vehicle decelerated.
However, for vehicles with intact DPFs, PN emissions showed no clear correlation with
acceleration or deceleration. In a constant speed state, there was no clear relationship
between PN emission and vehicle speed.
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The correlation between work-specific PN emissions (#/kWh) calculated according to
the work-based moving average window method and window number of the four types
of vehicles is shown in Figure A3. As illustrated, it is evident that the work-specific PN
emissions calculated with moving average window method at the beginning of the tests
were markedly higher than those of the later work-based window. As a result of the
relatively lower average speed in urban stage, the durations of work-based windows in
the beginning were long; however, these windows contained frequent stop-and-goes and,
therefore, PN spikes, resulting in high PN emissions in work-based windows. The PN
emissions of China-5 diesel vehicles were at the level of 1013#/kWh, while, for China-
6 diesel vehicles with intact DPFs, they were at the level of 1011#/kWh, two orders of
magnitudes lower. The PN emissions of China-6 diesel vehicles with malfunctioning DPFs
were again on the same order as those of China-5 diesel vehicles. In the whole test duration,
the work-specific PN emissions of diesel vehicles remained at the same order of magnitude
and decreased approximately linearly. As for China-6 NG vehicles, the work-specific PN
emissions were at the same magnitude as those of China-6 diesel vehicles with intact DPFs.
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