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Abstract

With increasingly stringent international limits on diesel particulate matter emissions,
Continuous-Regeneration Particulate Filters (CRPFs) have been widely applied in heavy-
duty vehicle (HDV) exhaust systems. However, their impacts on the complete gaseous
pollutant profile remain insufficiently characterized. This study investigated the effects of
three CRPF configurations on gaseous emissions from a China III diesel engine under the
World Harmonized Transient Cycle (WHTC). Regulated pollutants (CO, total hydrocar-
bons (THC), NOx, and CO,) and unregulated pollutants (benzene series compounds and
aldehydes) were measured before and after CRPF installation. The results demonstrated
that CRPFs achieved high reduction efficiencies for CO (98.5-99.9%) and THC (77.4-99.9%)
through catalytic oxidation, while showing negligible effects on NOx (0.2-3.0% reduction)
and slight increases in CO, (0.07-0.55%). For unregulated pollutants, aldehydes were
effectively reduced (formaldehyde: 84.1-100.0%; acetaldehyde: 47.4-100.0%), whereas
benzene series compounds exhibited variable responses, with some species showing in-
creased emissions. These findings reveal complex pollutant transformation mechanisms
within CRPF systems and provide references for optimizing aftertreatment configurations
to meet China VI and subsequent emission standards, thereby contributing to the miti-
gation of air pollution, the protection of public health, and the promotion of sustainable
societal development.

Keywords: diesel particulate filter; continuous regeneration; CO, emission; regulated
pollutants; unregulated pollutants

1. Introduction

Diesel engines, renowned for their superior thermal efficiency and durability, serve as
the primary power source for the global heavy-duty transportation and industrial sectors.
However, the particulate matter and gaseous pollutants emitted from their combustion
processes remain critical environmental challenges [1-4]. Diesel particulate matter (DPM),
particularly its ultrafine fraction, poses severe risks to both the environment and human
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health [5-9]. These nanoparticles can penetrate deep into the alveolar region of the lungs,
potentially impairing respiratory function and leading to cellular toxicity [7,8], while
epidemiological studies have linked chronic exposure to diesel exhaust with elevated
risks of lung cancer and increased premature mortality [9]. In response to these well-
documented health risks, major regulatory bodies worldwide have introduced stringent
emission standards, including the European Union’s “Euro 7” regulation [10], the U.S. EPA
standards for model year 2027 [11], and China’s “Stage VI” emission limits [12].

To meet these legislative mandates, the wall-flow diesel particulate filter (DPF) has
become indispensable in modern diesel emission control systems [13-21]. Implemented
across light and HDVs as well as non-road machinery [13-16], these systems achieve PM
mass reduction rates exceeding 95% and particle number (PN) removal rates frequently
surpassing 99% [13-15,18-21]. However, the continuous trapping of particulates leads to
progressive soot and ash accumulation, resulting in increased exhaust backpressure that
degrades engine performance and necessitates periodic regeneration, which can increase
fuel consumption by 13% to 40% [22-24].

DPF regeneration technologies are broadly divided into active and passive cate-
gories [25-28]. Active regeneration relies on external energy input to raise the DPF tem-
perature to the soot combustion point (typically >550 °C) through methods such as in-
cylinder post-injection [29,30], exhaust pipe fuel injection [31,32], burners [33,34], or electric
heaters [35,36]. Passive regeneration, in contrast, occurs automatically during normal oper-
ation by catalytically lowering the soot ignition temperature [37,38]. The dominant passive
approach combines an upstream diesel oxidation catalyst (DOC) with a catalyzed DPF
(CRPF), where the DOC generates NO, that enables continuous soot oxidation at lower
exhaust temperatures (250400 °C) [37-40]. This Continuous-Regeneration Particulate Fil-
ter configuration effectively manages soot load without external energy input, minimizing
impacts on fuel consumption while meeting modern emission standards [39,40].

The CRPF’s operational characteristics have been extensively studied, including its pu-
rification principles involving flow dynamics, pressure, and thermal characteristics [41,42],
NO,-based oxidation kinetics [43,44], and low-temperature combustion mechanisms [45].
Research has confirmed high removal rates for PM [46], with solid particle number filtration
efficiencies approaching 100% [47], extending from micro-scale filtration simulations [48] to
transient conditions such as cold starts [49]. Studies on the regeneration process have inves-
tigated pollutant emissions [50] and developed sophisticated controls through modeling
NOx-PM coupled reactions [51], catalyst impacts on passive regeneration, and active regen-
eration characteristics [52]. Despite this extensive work, a significant research gap persists;
while studies have begun quantifying toxic gaseous emissions from HDVs [53] or assessing
aftertreatment systems on alternative-fuel engines [54], a systematic investigation of the
CRPF’s influence on the complete gaseous pollutant profile—especially unconventional
pollutants—remains lacking.

The gaseous pollutants examined in this study include both regulated and unregulated
emissions which are harmful to the environment and human health. Carbon monoxide
(CO), an incomplete combustion product, adversely affects human respiratory and nervous
systems, contributes to stratospheric ozone depletion, and acts as a greenhouse gas [55-57].
Total hydrocarbons (THC), resulting from incomplete combustion due to uneven fuel-air
mixing [58], consist of various volatile organic compounds that react with NOx to form
photochemical smog, severely impacting air quality and human health [59]. Nitrogen
oxides (NOx), primarily NO and NO; generated under high-temperature oxygen-rich
conditions [60], pose significant health risks including respiratory irritation, cardiovascular
disorders, and immune dysfunction [61,62], while environmentally serving as precursors
for ozone formation and acid deposition [63,64]. Carbon dioxide (CO;), a primary driver of
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global climate change, is of particular concern as transportation sector emissions account
for 15% of global greenhouse gas emissions, with HDVs contributing disproportionately
relative to their fleet size [65-68].

The unregulated pollutants examined include benzene series compounds (toluene,
ethylbenzene, xylene, and styrene) and aldehydes (formaldehyde, acetaldehyde, and
acrolein), which are not currently restricted by emission regulations globally. Benzene
series compounds can induce leukopenia and, in extreme cases, progress to aplastic anemia
or leukemia [69], while exhibiting inhibitory effects on the central nervous system causing
neurasthenic symptoms [70] and deleterious effects on respiratory, reproductive, and
immune systems [71]. Consequently, the abatement of these unregulated pollutants from
diesel vehicles is critically necessary.

To address the research gap, this study investigates the influence of CRPFs on gaseous
pollutant emissions. A series of tests were carried out under the World Harmonized
Transient Cycle (WHTC) to measure CO,, conventional gaseous pollutants (CO, THC, and
NOx), and unconventional pollutants (benzene-series compounds and aldehyde-ketone
substances) before and after the CRPE. The emission reduction performance was analyzed to
clarify the CRPF’s impact on diesel engine gaseous pollutants emissions to provide support
for further understanding the gaseous emissions status of diesel engines equipped with
CRPFs, and lay a foundation for in-depth research on the reaction mechanism of gaseous
pollutants from CRPFs. This research can also provide a reference for diesel engines
matching emission control systems to meet China VI and subsequent emission standards,
as well as strengthened DPF requirements in other countries, thereby contributing to the
mitigation of air pollution from mobile sources, the reduction in associated public health
risks and medical burdens, and the promotion of sustainable societal development.

2. Test Systems and Methods
2.1. CRPF Systems

The Continuous-Regeneration Particulate Filter (CRPF) system integrates two func-
tional components, a diesel oxidation catalyst (DOC) and a catalyzed diesel particulate filter
(DPF), both utilizing substrates coated with precious metal catalysts (typically platinum
and palladium). The system achieves continuous passive regeneration without requiring
external energy input for active soot oxidation. The overall schematic of the CRPF system
is shown in Figure 1, the physical photograph of the CRPF system is presented in Figure 2,
and the detailed configuration parameters of the three CRPF products used in the experi-
ment are listed in Table 1. The CRPF system is integrated with an On-Board Monitor (OBM)
for real-time temperature and pressure monitoring and fault detection.

Temperature
Sensor

Differential Pressure Sensor
Temperature

Sensor

—>

Original Emission Emission After CRPF

DOC DPF

Figure 1. Schematic diagram of CRPF system.
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Figure 2. Physical photograph of the CRPF system used in this study.

Diesel Oxidation Catalyst (DOC): The DOC is positioned upstream and serves as
the primary oxidation unit. The DOC substrate is typically made of cordierite or metallic
materials with a honeycomb structure, providing a large surface area for catalytic reactions.
The precious metal catalysts (Pt and Pd) are dispersed on a high-surface-area washcoat
(typically v-Al,O3) applied to the substrate walls. Within the DOC, the precious metal
catalysts facilitate the oxidation of gaseous pollutants in the exhaust stream. The key
chemical reactions occurring in the DOC include:

CO+ %Oz — CO, )
CaHy+ (x+74 )02 = xCOz + (3 ) H20 @
NO—i—%Oz — NO, 3)

Among these reactions, the oxidation of NO to NO, is particularly critical for the
CRPF system, as the generated NO, serves as the primary oxidant for passive regeneration
in the downstream DPF.

Diesel Particulate Filter (DPF): The DPF is positioned downstream of the DOC and
functions as the particulate matter (PM) capture and oxidation unit. The DPF substrate
is made of cordierite ceramic with a wall-flow honeycomb structure. The filter walls are
porous with a typical porosity of 45-55% and mean pore size of 10-20 um, which enables
efficient particle capture while maintaining acceptable exhaust backpressure. The wall-flow
filter structure forces exhaust gases through the porous ceramic substrate walls, thereby
trapping soot particles with a filtration efficiency typically exceeding 95%.

In the CRPF system, the accumulated soot is continuously oxidized through passive
regeneration, which utilizes the NO, generated in the upstream DOC to oxidize trapped
soot at relatively low exhaust temperatures (typically 250-400 °C). The passive regeneration
reactions are as follows:

C+2NO; — CO, +2NO 4)

C+ NO, — CO + NO 5)

The NO produced during soot oxidation can be re-oxidized to NO; in the presence of
the catalyst, enabling a continuous regeneration cycle. This passive regeneration mecha-
nism allows the CRPF system to maintain low backpressure without requiring periodic
high-temperature active regeneration events.
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Table 1. Configuration and characteristic parameters of the CRPF system.

Component Parameter 1# CRPF 2# CRPF 3# CRPF
Substrate material Metal Cordierite Cordierite
Cell density (cpsi) 300 300 300
Substrate dimensions (mm) $ 210 x 150 D 267 x 85 d 267 x 101

DOC Substrate volume (L) 5.2 4.2 5.7
Precious metal loading (g/L) 1.06 1.06 0.71
Normal operating temperature (K) 423-1023 423-823 423-823
Maximum operating temperature (K) 1123 923 973
Substrate material Cordierite Cordierite Cordierite
Cell density (cpsi) 200 200 200
Substrate dimensions (mm) d 210 x 269 D 267 x 203.1 d 267 x 203
Substrate volume (L) 9.31 11.35 11.34

DPE Precious metal loading (g/L) 0.1766 0.353 0.125
Soot loading capacity (g/L) 4-5 Max. 8 4
Normal operating temperature (K) 423-1073 423-823 523-973
Maximum operating temperature (K) 1123 923 1173

2.2. Test System

The test engine was a Yuchai YC4G180-30 diesel engine, which was a high-pressure
common rail system, with an in-line four-cylinder, turbocharged and intercooled engine,
meeting the China III emission standards [72]. The original engine was not equipped with
an aftertreatment system. The test procedure was as follows: first, the original engine
emissions were measured; then, the matched CRPF system was installed on the engine
exhaust pipe; next, the emissions were collected and measured after the CRPF with the
same test cycle. In both test cases, the exhaust gases from the engine were diluted through
a full-flow dilution channel and then entered the sampling and analysis system (for CO,
CO,, HC, and NOx analysis). Unconventional pollutants were sampled in the dilution
gas bag. The following unconventional pollutants from diesel engines were quantitatively
analyzed: (1) toluene, ethylbenzene, xylene, and styrene, which were collected using
TenaxTA adsorption tubes and analyzed by gas chromatography with flame ionization
detection (GC-FID); (2) formaldehyde, acetaldehyde, and acrolein, which were sampled
using 2,4-Dinitrophenylhydrazine (2,4-DNPH) sampling tubes and analyzed by high-
performance liquid chromatography. The schematic diagram of the test system is shown in
Figure 3, the physical photograph of the test bench is presented in Figure 4, and the models
and parameters of the test equipment used are listed in Table 2.

. | Diesel Engine
=]

Control Electrical CRPF CVS System
Cabinet

Sampling Tube Air Filter

Particulate Pump

Matter
Secondary
Dilution
and
Sampling

Unconventional
pollutants sampling
and measuring

Sampling cvs
CO“F“’l Particulate Control
Gas (] Cabinet Matter Cabinet
Analyzer . . Measurement
System
Gas Bag

Figure 3. Schematic diagram of experimental equipment.

https://doi.org/10.3390/su18052250


https://doi.org/10.3390/su18052250

Sustainability 2026, 18, 2250

6 of 19

Figure 4. Physical photograph of test bench: (D) diesel engine; () electrical dynamometer; (3) exhaust

pipe; @ CRPF system.

Table 2. Test equipment information.

Manufacturer, City,

No. Equipment Type/Model Country Key Parameters
Guangxi Yuchai Displacement: 5.2 L; Net Maximum
1 Diesel Engine YC4G180-30 Machinery Co., Ltd., Power: 128 kW; Maximum Torque:
Yulin City, China 660 Nm
Electrical AVL AFAS44-4/ AVL List GmbH, Max Speed: 4200 r/min; Maximum
2 Dynamometer 2001-1BV-1 Graz, Austria Power: 440 kW; Maximum Torque:
ya ’ 28,001 Nm
CO: 0~5000 ppm;
.. . . COsy: 0~20%;
3 gns‘iifn Analysis Ay, AMAi60 é‘r’aLZ L:;sct;rrir;bH' THC: 0~60,000 ppm;
y / CHy: 0~20,000 ppm;
NO/NOx: 0~10,000 ppm
Agilent Technologies, Retention Time Repeatability < 0.06%;
4 GC-FID Agilent 7820A Santa Clara, Peak Area Repeatability < 2%;
CA, USA Detection Limit: 4 ug/ m3
UV Detector Wavelength Range:
.. e ThermoFisher 190~900 nm; Fluorescence Detector
Liquid Thermo Scientific o - .
5 Chromatograph U-3000 Scientific, Waltham, Excitation/Emission Wavelength
raphy MA, USA Range: 200~900 nm; Detection Limit:

10 pug/m’

2.3. Test Cycle

The test cycle used was the World Harmonized Transient Cycle (WHTC) specified
in the Chinese national standard “Limits and measurement methods for emissions from
diesel-fueled heavy-duty vehicles (CHINA VI) (GB 17691-2018)” [12]. In this cycle, the
engine torque and speed changed dynamically over time, encompassing various load

conditions representative of real-world heavy-duty vehicle operation. The complete test

duration was 1800 s, with an average engine speed of approximately 37% of the rated speed

and an average engine power of 17% of the rated power. The cycle conditions are shown

in Figure 5.
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Figure 5. WHTC test cycle.

Figure 6 presents the temporal variations in DPF inlet exhaust temperature and pres-
sure during the WHTC test cycle under hot start conditions. The inlet temperature ranged
from 119.7 °C to 406.3 °C with an average of 231.6 °C. The inlet pressure varied between
—0.31 kPa and 4.00 kPa, with an average of 0.63 kPa. Both parameters exhibited character-
istic fluctuations corresponding to the transient engine operating conditions throughout
the 1800 s test cycle.

====-DPF Inlet Exhaust Temperature (°C) — DPF Inlet Pressure (kPa)
450 7 45

© 400 14

250
200 F

DPF Inlet Pressure / kPa

=
o
o

DPF Inlet Exhaust Temp
=
a1
o

[
o

o

0 200 400 600 800 1000 1200 1400 1600 1800
time/s

Figure 6. Temporal variations in DPF inlet exhaust temperature and pressure.

2.4. Emission Calculation Method

The exhaust emissions were measured using a Constant Volume Sampling (CVS)
full-flow dilution system in accordance with Appendix CA.6 of GB 17691-2018 “Limits
and measurement methods for emissions from diesel-fueled heavy-duty vehicles (CHINA
VI)” [12]. In this system, the entire engine exhaust was introduced into a dilution tunnel
where it was mixed with filtered ambient air, and the diluted exhaust was sampled for
gaseous pollutant analysis.

The mass emissions of gaseous pollutants were calculated following the method
specified in Appendix CA.5.2.4 of GB 17691-2018 [12]. Since the CVS system operated
without a heat exchanger to maintain constant diluted exhaust temperature, the instan-
taneous mass emission rate was calculated and integrated over the entire test cycle. For
gaseous pollutants measured on a wet basis, the instantaneous mass emission rate (g/s)

was calculated using:
Cons,i M
. guas,i . Qas
Meas,i = =g X Medi X (6)
8 106 My

where Mg, ; is the instantaneous mass emission rate of the gaseous pollutant (g/s); cgas,i is
the instantaneous concentration of the gaseous pollutant measured on a wet basis (ppm);
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Theq ; is the instantaneous mass flow rate of the diluted exhaust (g/s); Mgas is the molar mass
of the gaseous pollutant (g/mol); and My is the molar mass of the diluted exhaust (g/mol).
The molar masses used for the gaseous pollutants were CO = 28 g/mol; CO, = 44 g/mol;
NOx (as NO; equivalent) = 46 g/mol; and THC (as CHj g5 equivalent) = 13.85 g/mol.
The total mass emission of each gaseous pollutant over the complete WHTC was
obtained by integrating the instantaneous mass emission rate over the 1800 s cycle duration:

1800
Meas = /0 mgas,idt ~ Z(mgas,i X At) @)

where mg;s is the total mass emission of the gaseous pollutant over the cycle (g) and At is
the time interval between consecutive measurements (s).

The brake-specific emission (g/kWh) was then calculated by dividing the total mass
emission by the actual cycle work:

€oas = (8)

where eg,s is the brake-specific emission (g/kWh) and Wt is the actual cycle work calcu-
lated by integrating the engine power over the 1800 s test duration (kWh).

It should be noted that the emission values reported in this study represent the
integrated results over the entire 1800 s WHTC duration rather than instantaneous or partial
cycle measurements. This integration approach accounts for the varying load conditions
(engine speed and torque) throughout the transient cycle, providing representative emission
factors that reflect the complete operating envelope of the WHTC. The reduction rates of
the CRPF were calculated by comparing the integrated mass emissions measured before
and after the CRPF installation under identical test conditions.

The pollutant reduction rate was calculated using the following formula:

R = BZLF  100% 9)
Ly

In Formula (9), R represents the pollutant reduction rate; LI is the pollutant emission
measured at the CRPF system inlet, g/kWh (for CO,THC, NOx and CO,) or ug/ m>
(for unregulated pollutants); LF is the pollutant emission measured at the CRPF system
outlet, g/kWh (for CO,THC, NOx and CO5) or pg/ m?3 (for unregulated pollutants).

3. Results and Analysis
3.1. CRPF Impacts on CO and THC Emissions

The effects of the three CRPF systems on the CO and THC emissions of the test diesel
engine are shown in Figures 7 and 8. As shown in Figure 7, the three CRPF systems had
a very obvious reduction effect on the CO emissions of the diesel engine. After passing
through the three CRPF systems, the CO emissions of the diesel engine were reduced
to nearly 0 g/kWh, with a reduction rate ranging from 98.5% to 99.9%. For THC, the
reduction effects of the three CRPF systems were not the same. After passing through the
No. 1 and No. 2 CRPF systems, the THC emissions of the diesel engine were reduced to
nearly 0 g/kWh, with a reduction rate of 99.9%. However, after passing through the No. 3
CRPF system, the THC emissions of the diesel engine were not completely oxidized: there
was still a small amount of THC emissions (about 0.05 g/kWh) after the CRPF system,
with a reduction rate of approximately 77.4%. The good oxidation effect of the continuous-
regeneration type DPF on the CO and THC emissions of the diesel engine was related
to its structure, such as the DOC placed in front of the DPF, which had a good catalytic
conversion effect on CO and THC [73], and was also related to the precious metal catalytic
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materials coated on the DPF substrate. When passing through the DPF, due to the precious
metal coating materials on the substrate, CO and THC could further undergo oxidation
reactions, thereby greatly reducing the emissions of CO and THC. The reason why the THC
conversion efficiency of the No. 3 CRPF system was lower than those of the No. 1 and No.

2 CRPF systems might be related to the lower content of precious metals coated on the
DOC and DPF substrate.

[ Joriginal emission
|:| emission after CRPF
—0.020

T

-1 0.015

- 0.010

[ - 0. 005

0.0
No.l CRPF No.2 CRPF No.3 CRPF

original emission /(g/kW.h)
(=]
1
emission after CRPF /(g/(kW.h)

I
™
1

0. 000

Figure 7. Comparison of CO emissions before and after CRPF.
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0.25 [ Jemission after CRPF
40.06
Z 0. | z
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2 ' {0027
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0.05 o
0.00 e e 0.00

No.l CRPF No.2 CRPF No.3 CRPF

Figure 8. Comparison of THC emissions before and after CRPF.

3.2. CRPF Impact on NOx Emissions

Figure 9 shows the comparison of NOx emissions of the diesel engine before and
after the installation of the CRPF system. Figure 9 shows that the NOx emissions of the
original diesel engine were approximately 0.5 g/kWh, and after passing through the three
CRPF systems, NOx emissions were reduced to 4.9~5.0 g/kWh, with a reduction rate of
only about 0.2% to 3.0% (average 1.6%). Since the reduction in NOx required a reduction
reaction, but the oxygen content in the diesel engine exhaust was relatively high, which
was not conducive to the reaction of NOx, the reduction in NOx after the CRPF was not
obvious. The slight reduction in NOx in the test might be related to the fact that the DOC
was coated with precious metals acting as catalysts and that CO and HC in the exhaust gas
acted as reducing agents to react with NOx [74]. The mechanism and reduction effect of
NOx in the CRPF still need further research.
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6 I:l original emission
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Figure 9. Comparison of NOx emissions before and after CRPF.

3.3. CRPF Impact on CO, Emissions

The effects of the three CRPF systems on the CO, emissions of the diesel engine are
shown in Figure 10. After the installation of the CRPF, the variation range of the CO,
reduction rate of the diesel vehicle is from —0.07% to —0.55% (negative values indicated an
increase in CO, emissions). The average CO, emissions after the three CRPF systems were
approximately 0.32% higher than the original CO, emissions, which had a relatively small
impact. The reason for the increase in CO, emissions was mainly that, when the CRPF
was installed on the diesel engine exhaust pipe, the increase in backpressure would cause
an increase in engine fuel consumption, thereby leading to an increase in CO, emissions
to a certain extent. Compared with the active regeneration type DPF, the CRPF has a
smaller impact on the backpressure and the fuel consumption, and thus the increase in CO,
emissions was also smaller.

900 |:] original emission
[ ]emission after CRPF
800 4

T T T I T

7004

600 4

500 4

100

3004

CO, emission /(g/kW.h)

2004

100 4

0
No.l CRPF No.2 CRPF No.3 CRPF

Figure 10. Comparison of CO, emissions before and after CRPF.

3.4. CRPF Impact on Unregulated Pollutants

Tests and analyses on the effects of three CRPF systems on the emissions of unregulated
pollutants of the diesel engines were conducted under hot start conditions with the WHTC.
The comparison of the emissions of various aldehydes and ketones and benzene series
substances from the diesel engine before and after passing through the three CRPF systems
is shown in Figure 11. Acrolein was not detected in the original exhaust or after passing
through the three CRPF systems and is therefore not included in Figure 11.
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Figure 11. Comparison of unregulated pollutant emissions before and after CRPF.
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It can be seen from Figure 11 that the three CRPF systems had a high reduction effect
on aldehydes. The formaldehyde emissions of the diesel engine decreased from 63.0 jg/m?
to 10.0 pug/m?3 after the No. 1 CRPF system, with a reduction rate of 84.1%. For the No. 2
and No. 3 CRPF systems, formaldehyde emissions dropped below the detection limit of the
instrument, with a reduction rate of approximately 100.0%. For acetaldehyde, the emissions
also decreased to 0 pg/m? (below the detection limit) after passing through the No. 1
and No. 2 CRPF systems, with a reduction rate of approximately 100.0% for both CRPFs.
After passing through the No. 3 CRPF system, acetaldehyde emissions decreased from
57.0 ug/m? to 30.0 ug/m?, with a reduction rate of 47.4%. The reason for the reduction
in aldehydes was that there were relatively active aldehyde groups that could be easily
oxidized, and also because the DOC and CRPF substrates in the CRPF system were coated
with precious metal catalysts, and in the oxygen-rich environment of diesel engine exhaust,
aldehydes were easily oxidized and reduced.

For benzene series substances, the reduction effects of the three CRPF systems varied
greatly. For benzene, all three CRPF systems had a certain reduction effect, with reduction
rates of 28.6%, 58.3%, and 61.5%, respectively for No.1, No.2 and No.3 CRPE. For toluene,
the emissions increased by 40.0% and 771.7% after passing through the No. 1 and No. 2
CRPF systems, respectively. Only the No. 3 CRPF system slightly reduced toluene emissions
by 13.3%. For ethylbenzene, the No. 1 CRPF system increased ethylbenzene emissions.
Ethylbenzene was not detected in the original exhaust, but after passing through this CRPF
system, ethylbenzene concentration rose to 7 pg/m3. Ethylbenzene concentrations after
passing through the No. 2 and No. 3 CRPF systems remained the same as in the original
exhaust, with no increase, and the reduction rate was 0.0%. For xylene, the three CRPF
systems also showed different reduction effects, with reduction rates of —191.7% (a negative
value indicates an increase in emissions), 6.7%, and 11.9%, respectively for No.1, No.2 and
No.3 CRPF. Styrene was not detected in the original exhaust or after passing through the
No. 1 CRPF system. The reduction rate of the No. 2 CRPF system was about 42.9%, and for
the No. 3 CRPF system, the styrene emission changed from undetectable in the original
exhaust to 4 ug/ m?3 after the CRPF. The different reduction effects of CRPFs on benzene
series substances were related to the stable structure of benzene series compounds, which
are difficult to react under normal temperature and pressure. With the action of precious
metal catalysts in the CRPF, CRPF catalytic oxidation has a certain effect on benzene series.
But due to the different activities of various benzene series substances, the reduction effects
of CRPF on different benzene series substances were not the same.

The reduction effects of the three CRPF systems on TVOCs also varied greatly, as
shown in Figure 12. The No. 1 and No. 2 CRPF systems increased the TVOC emission, with
a 1228.3% increase after passing through the No. 1 CRPF system and a 40.3% increase after
passing through the No. 2 CRPF system. The No. 3 CRPF system had a reduction effect on
VOCs, with a reduction rate of 28.5%. The different reduction effects of CRPF on TVOCs
were related to the different components of TVOCs and the relatively complex reaction
mechanism. Overall, the effects of CRPF on the emissions of unregulated pollutants of the
diesel engine were not uniform. Further research on its reaction mechanism and reduction
effect is needed.
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Figure 12. Comparison of TVOC emissions before and after CRPF.

4. Discussion

The findings of this study, together with the existing literature, demonstrate that the
adoption of CRPF technology not only significantly reduces particulate matter mass and
number emissions, but also substantially decreases CO and THC emissions, establishing it
as a high-performance aftertreatment device for diesel engines. However, the CRPF exhibits
very limited effectiveness in NOx reduction, indicating that the sole application of CRPF
cannot comprehensively meet the stringent emission requirements of China VI, United
States EPA 2027, and European Euro 7 regulations. Table 3 presents the emission limits for
regulated gaseous pollutants under the China VI standard for heavy-duty diesel vehicles.
When equipped with a CRPF, a China III diesel engine can achieve CO emissions below
14 mg/kWh and THC emissions below 50 mg/kWh; however, NOx emissions remain
above 4850 mg/kWh, far exceeding the regulatory limit of 460 mg/kWh.

Table 3. Emission limits for regulated gaseous pollutants (China VI).

Test Cycle CO (mg/kWh) THC (mg/kWh) NOx (mg/kWh)
WHTC 4000 160 460

Consequently, in addition to the CRPF, diesel engines typically require the installation
of a selective catalytic reduction (SCR) system to achieve effective NOx control. Modern
SCR systems can achieve NOx conversion efficiencies exceeding 90%, and the combination
of CRPF and SCR technologies can satisfy the current emission control requirements such
as China VI standards. To meet the more stringent emission regulations anticipated in Euro
7 and U.S. EPA standards beyond 2027, further optimization and system integration of
CRPF and SCR configurations will be necessary to enhance both particulate matter and
gaseous pollutant purification performance. If the NOx reduction efficiency of SCR systems
can be elevated to 95% or higher, compliance with future emission regulations may become
achievable. This highlights the engineering application value of the present study: the
quantitative characterization of CRPF performance on various gaseous pollutants provides
essential data for the optimal matching and integration of multi-component aftertreatment
systems in heavy-duty diesel vehicles.

Regarding unregulated pollutants, these compounds are not currently restricted by
existing diesel vehicle emission regulations and have therefore received relatively limited
attention. With the widespread adoption of advanced aftertreatment devices such as DPF
and SCR systems in modern diesel vehicles, research on the effects of these aftertreatment
systems on unregulated pollutant emissions remains insufficient. Previous studies have
indicated that vehicle technology significantly influences the emission characteristics of
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benzene series compounds [75]. For diesel vehicles equipped with catalyzed DPF systems,
in addition to the conventional and well-understood chemical reaction processes, numerous
side reactions occur within the catalytic converter under the action of precious metal
catalysts such as Pt and Pd.

The formation of unregulated pollutants is influenced not only by the vehicle op-
erating conditions and the species and concentrations of pollutants in the raw exhaust,
but also by factors such as the precious metal loading of the catalyst, the residence time
within the catalytic converter, and the catalyst aging state [76]. As observed in this study,
even under identical operating conditions, the emission profiles of unregulated pollutants
differed substantially after passing through different CRPF configurations. This variability
suggests that the reaction mechanisms governing unregulated pollutant transformations
are diverse and complex. The 1# CRPF, which features the highest precious metal loading
on both DOC and DPF substrates, exhibited the most effective reduction in aldehydes
but also showed the greatest increases in certain benzene series compounds. In contrast,
the 3# CRPF with the lowest precious metal loading demonstrated different selectivity
patterns. These observations suggest that precious metal loading and catalyst formulation
significantly influence the balance between oxidation and potential formation pathways
of various VOC species. The detailed chemical reaction mechanisms underlying these
complex transformations are beyond the scope of the present study and warrant dedicated
in-depth investigations in future research.

The novelty and contribution of this study lie in providing a systematic and compre-
hensive evaluation of CRPF effects on the complete gaseous pollutant spectrum, including
both regulated and unregulated emissions, under standardized transient test conditions.
While previous studies have primarily focused on the CRPF’s particulate matter reduction
capabilities, this work fills a research gap by quantifying the impacts on CO, THC, NOx,
CO,, aldehydes, and benzene series compounds simultaneously. The comparative analysis
of three different CRPF configurations with varying precious metal loadings and substrate
materials provides valuable insights into the factors influencing pollutant transformation
within catalyzed aftertreatment systems. These findings not only advance the fundamental
understanding of CRPF performance characteristics but also offer practical guidance for
the design and optimization of integrated emission control systems for heavy-duty diesel
vehicles to meet increasingly stringent global emission standards.

5. Conclusions

This study investigated the impact of Continuous-Regeneration Particulate Filters
(CRPFs) on gaseous pollutant emissions from a diesel engine under the World Harmonized
Transient Cycle (WHTC). The experimental results revealed distinctly different effects on
various pollutant categories, which can be summarized in the following three aspects.

(1) Effects on regulated gaseous pollutants (CO, THC, and NOx): The CRPFs demon-
strated highly effective reduction of carbon monoxide (CO) and total hydrocarbons (THC),
with CO reduction rates ranging from 98.5% to 99.9% and THC reduction rates ranging
from 77.4% to 99.9%. These high removal efficiencies are attributed to the oxidation re-
actions occurring over the precious metal catalysts in the diesel oxidation catalyst (DOC)
component. In contrast, the CRPFs showed no significant effect on nitrogen oxide (NOx)
emissions, with reduction rates of only 0.2% to 3.0%, confirming that the CRPF is not
designed for NOx abatement, which requires dedicated selective catalytic reduction (SCR)
systems. Meanwhile, CO, emissions slightly increased by 0.07% to 0.55%, which can be
attributed to the enhanced oxidation of CO and THC to CO, within the CRPF system.

(2) Effects on unregulated pollutants (aldehydes, benzene series compounds, and
TVOCs): The CRPFs exhibited highly effective reduction in aldehyde compounds, with
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formaldehyde reduction rates of 84.1% to 100.0% and acetaldehyde reduction rates of
47.4% to 100.0%, demonstrating the beneficial secondary effect of oxidation catalysts
on carbonyl compound abatement. However, the effects on benzene series compounds
varied considerably: benzene reduction ranged from 28.6% to 61.5%, while toluene and
xylene showed limited or negative reduction effects (toluene: —771.7% to 13.3%; xylene:
—191.7% to 11.9%). For ethylbenzene and styrene, the results differed among the three
CRPF configurations, with some producing new emissions rather than achieving reduction.
Consequently, the total volatile organic compound (TVOC) reduction rates varied widely
from —1228.8% to 28.5%, indicating that under certain conditions, the CRPFs may generate
rather than reduce certain VOC species.

(3) Implications for reaction mechanisms and future research: The contrasting emission
reduction performance between aldehydes and benzene series compounds indicates com-
plex reaction mechanisms and conversion effects occurring within the CRPF system. While
the oxidation catalysts effectively remove aldehydes through complete oxidation, they
may also promote the formation or release of certain benzene series compounds through
incomplete oxidation reactions or desorption from accumulated deposits. These findings
highlight the need for further research into the detailed chemical pathways governing
unconventional pollutant transformations in catalyzed aftertreatment systems, which is
essential for optimizing CRPF designs to achieve comprehensive pollutant control.
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Abbreviations

The following abbreviations are used in this manuscript:

CO Carbon Monoxide

CO, Carbon Dioxide

cpsi Cells Per Square Inch

CRPF Continuous Regeneration Particulate Filter
CVS Constant Volume Sampling

DOC Diesel Oxidation Catalyst

DPF Diesel Particulate Filter

DPM Diesel Particulate Matter

GC-FID Gas Chromatography with Flame Ionization Detection
HDV Heavy-Duty Vehicle

NOx Nitrogen Oxides
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OBM On-Board Monitor

Pd Palladium

PM Particulate Matter

PN Particle Number

Pt Platinum

SCR Selective Catalytic Reduction

THC Total Hydrocarbons

TVOCs Total Volatile Organic Compounds
vOoC Volatile Organic Compound
WHTC World Harmonized Transient Cycle

2,4-DNPH 2,4-Dinitrophenylhydrazine

Nomenclature
The following symbols are used in this manuscript:

cgas,i  Instantaneous concentration of gaseous pollutant (ppm)

egas Brake-specific emission of gaseous pollutant (g/kWh)
LF Pollutant emission at CRPF outlet (g/kWh or pg/ m3)
LI Pollutant emission at CRPF inlet (g/kWh or ug/ m?)

Md Molar mass of diluted exhaust (g/mol)

Mgas Molar mass of gaseous pollutant (g/mol)

mgas  Total mass emission of gaseous pollutant (g)

rhed,i  Instantaneous mass flow rate of diluted exhaust (g/s)
mgas,i Instantaneous mass emission rate of gaseous pollutant (g/s)

R Pollutant reduction rate (%)
Wact Actual cycle work (kWh)
At Time interval between consecutive measurements (s)
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