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Abstract: Stringent regulations have been implemented to address vehicle exhaust emissions and
mitigate air pollution. However, the introduction of exhaust gas reduction devices, such as Three-Way
Catalytic converters, has raised concerns about the generation and release of additional pollutants
such as NH3. This study utilized a chassis dynamometer to investigate the characteristics of exhaust
pollutants, including carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx), particulate
matter (PM), ammonia (NH3), organic carbon (OC), and elemental carbon (EC). The emissions were
examined across various vehicle fuel types, namely liquefied petroleum gas, gasoline, and diesel
(EURO4, EURO6), to assess their individual contributions to exhaust emissions. The results revealed
significant variations in the emission levels of regulated pollutants (CO, HC, NOx, and PM) during
driving, depending on factors such as engine technology, emissions control strategies, fuel type,
and test cycle. Notably, NH3 emissions analysis according to driving mode indicated that gasoline
vehicles exhibited the highest NH3 emissions, while diesel vehicles emitted negligible amounts.
This observation can be attributed to the production of NH3 as a byproduct of catalytic reduction
processes implemented by exhaust gas reduction devices targeting CO, HC, and NOx. In addition,
EURO4 vehicles demonstrated higher emission levels of OC and EC compared with other fuel types.
Furthermore, the presence of diesel particulate filters (DPFs) in diesel vehicles effectively reduced
PM emissions. Moreover, this study investigated the emission characteristics of organic molecular
markers within the organic carbon fraction, revealing distinct emission profiles for each vehicle
and fuel type. These findings contribute to the identification of emission sources by discerning the
primary components emitted by specific fuel types.

Keywords: exhaust pollutants; chassis dynamometer; fuel type; catalytic reduction; NH3 emissions

1. Introduction

Vehicle emissions, known to be a significant source of air pollution, can be classified
into distinct categories: (1) combustion products of fuel, (2) products resulting from incom-
plete combustion, (3) unburned fuel and decomposition products, (4) combustion products
of fuel additives, (5) combustion products of impurities, and (6) major air components
chemically transformed within high-temperature combustion chambers [1,2].

Emissions of PM2.5 (Particulate Matter Less Than 2.5 µm) from vehicles pose severe
risks to human health and contribute to climate change due to their small size and complex
physiochemical characteristics [3,4]. Diesel vehicle exhaust has been designated as a
carcinogen due to an increased incidence of lung cancer associated with exposure [1,5].
While petroleum-based fuels such as gasoline and diesel theoretically produce only water
vapor and carbon dioxide upon complete combustion, in reality, incomplete combustion
leads to the emission of hazardous compounds. Hazardous substances predominantly
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comprise PM (particulate matter), NOx, polyaromatic hydrocarbons (PAHs), hydrocarbons
(HCs), carbon dioxide (CO2), and aldehydes [6]. Among these, PM, PAHs, and HCs
contribute to vehicle emissions. In addition, the proportion of carbon components in
exhaust emissions is particularly high in PM2.5 [2,7,8].

Table 1 presents the findings of previous studies investigating exhaust gas emissions
from diesel and gasoline vehicles. These studies have consistently demonstrated that diesel
vehicles emit higher levels of NOx compared with gasoline vehicles [9–15]. Furthermore,
as emissions regulations were strengthened, carbon monoxide (CO) emissions exhibited
a decreasing trend, with EURO4 > EURO5 > EURO6. Han et al. [16] conducted a chassis
dynamometer test to examine the emission characteristics of HCs, CO, and NOx from
vehicles using gasoline, diesel, and liquefied petroleum gas (LPG) fuels. The results
revealed that gasoline, diesel, and LPG vehicles emitted 0.334 g/km, 0.267 g/km, and
0.304 g/km, respectively, when considering the total emissions comprising HC, CO, and
NOx. Diesel vehicles emitted negligible amounts of HC, while LPG vehicles emitted 125%
more HC compared with gasoline vehicles. Moreover, diesel vehicles exhibited the lowest
CO emissions, while gasoline vehicles exhibited the highest. Notably, diesel and LPG
vehicles emitted 523% and 100% more NOx, respectively, than gasoline vehicles, indicating
the significant impact of fuel type on emissions. Previous studies have employed chassis
dynamometer testing to comparatively analyze exhaust gas emissions during regulatory
mode testing for each fuel type [17,18].

Currently, the PM mass emitted as exhaust gas is regulated, but not in terms of
emissions of harmful compounds present in PM [19]. Polycyclic aromatic hydrocarbons
(PAHs) are products of incomplete combustion of organic matter and are ubiquitous in
city air [20]. Due to its low vapor pressure, it is easily adsorbed on combustion emissions
and airborne particles. Human exposure to PAHs is problematic because many PAHs
are mutagenic and carcinogenic. PAHs are present in gasoline and diesel engine exhaust,
cigarette and wood smoke, and emissions from natural gas and oil-fired burners. Vehicles
are a major source of PAHs in the air in many cities worldwide. n-Alkanes are one of
the most abundant classes of organic compounds identified in PM exhaust emissions [21].
Even when organic markers such as PAHs are present in trace amounts in the total mass
of PM, they can have significant negative effects on human health. Therefore, quantifying
emissions of unregulated trace pollutants from vehicles is a key aspect of controlling the
health effects of PM pollution. Biodiversity loss can occur when excess nitrogen from
NH3 emissions is deposited in terrestrial and aquatic ecosystems through wet and dry
deposition [22,23]. As a result, it causes soil acidification and eutrophication of the aquatic
environment. In addition, NH3 is an indirect source of nitrous oxide, and its deposition also
affects carbon dioxide sequestration, so its effect on greenhouse gases cannot be ignored.
However, recent studies have reported significant NH3 emissions from gasoline and LPG
vehicles equipped with three-way catalytic (TWC) converters [24,25]. Currently, a TWC
device for reducing vehicle exhaust gas is obligatory attached to gasoline vehicles, so
ammonia emissions are increasing in areas with many vehicles. The conversion process
of CO to CO2 generates H2, which subsequently combines with NO to form NH3 [26,27].
Consequently, NH3 reacts with nitric and sulfuric acid in the atmosphere, leading to
the formation of secondary PM components such as ammonium nitrate and ammonium
sulfate [28–30]. High concentrations of NH3 emitted from vehicles have been observed,
particularly in urban areas along major roadways [31,32]. For instance, measurements
conducted in Shanghai, China, recorded NH3 concentrations as high as 85.51 ppb at a
roadside location [31]. Similarly, observations in tunnels in Switzerland indicated NH3
levels as high as 200 ppb at tunnel exits [33,34]. Despite the potential impact of vehicle-
emitted NH3 on atmospheric PM concentrations, studies on this topic remain limited.
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Table 1. Results of previous studies on emission rate of diesel and gasoline vehicles.

Fuel Type Vehicle PM
(mg/km)

NOx
(mg/km)

CO
(mg/km)

CO2
(g/km) Reference

Diesel Euro4 27.10 [9]
Euro5 DPF 0.63 [9]
Light-duty 1735 1395 [10]
Light-duty 1907 1138 [10]
Light-duty 98.00 1173 980 281.6 [11]
Light-duty 85.00 1128 1685 283.9 [11]
Light-duty 233.00 1001 1208 311.7 [11]
Light-duty 243.00 3983 2650 442.4 [11]
Light-duty 52.00 1642 671 377.2 [11]
Light-duty 315.00 1480 1178 407.8 [11]

EURO5
DPF 0.01–0.65 209–770 [12]

EURO5
DPF 0–0.32 158–900 [12]

EURO4
DPF 0.72–3.74 244–515 [12]

EURO5
DPF 0–0.18 311–747 [12]

EURO5 1 212–763 14–572 89–172 [13]
EURO5 2 162–910 17–185 87–169 [13]
EURO4 l 233–503 58–1625 108–226 [13]
EURO5 3 315–746 3–871 92–167 [13]
EURO6b 201–1076 16–380 80–140 [13]

SUV 2 201 188 [14]
Light truck 13 371 115 [14]

Heavy
truck 31 2560 209 [14]

Heavy
truck 185 2180 1100 [14]

Gasoline EURO3 2.41 [9]
EURO1 72.10 [9]
EURO4 0.04–18.38 10–125 [12]
EURO5 2.67–29.44 5–214 [12]
EURO4 11–122 21–954 113–205 [13]
EURO5 128–128 32–32 233 [13]

EURO6b 3–15 32–27 91–174 [13]
Sedan 1.25 20 256 [14]
Sedan 1.10 84 714 [14]
SUV 3.28 32 2340 [14]

Light truck 0.64 39.1 1000 [14]

LPG EURO4 35 3000 233 [15]
EURO4 31 947 184 [15]
EURO4 92 1949 230 [15]

Despite the importance of emissions to air pollution, little is known about the conse-
quences of unregulated pollutant emissions. Therefore, the present study aimed to analyze
the emission rates (ER) of CO, HC, NOx, organic markers, and NH3 from different types of
vehicles based on driving mode, utilizing a chassis dynamometer.

2. Materials and Methods
2.1. Test Vehicle Selection

The present study aimed to investigate the chemical characteristics of ER using a
chassis dynamometer for eight different vehicles. The specifications of the selected vehicles
in this study are presented in Tables A1 and A2, as shown in Appendix A. Initially, two
gasoline vehicles employing Gasoline Direct Injection (GDI), which is the most recent
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fuel supply method, were chosen. A 2.0 L class vehicle and a 1.6 L class vehicle were
selected to diversify vehicle displacement and technology. The 2.0 L class vehicle featured
a turbocharger, while the 1.6 L class vehicle was a naturally aspirated model. Both vehicles
were equipped with TWC converters designed to reduce CO, NOx, and HC emissions.
For the LPG vehicles, two vehicles in the 2.0 L class equipped with TWC were selected.
However, the impact of fuel injection technology on air pollutant emissions was assessed
by including an LPLi vehicle that injects LPG in a liquid phase and an LPGi vehicle that
injects LPG in a gaseous phase. Regarding the diesel vehicles, two vehicles complying with
EURO4 regulations and two vehicles complying with EURO6 regulations were chosen.
EURO4 vehicles utilized Exhaust Gas Recirculation (EGR) and a Diesel Oxidation Catalyst
(DOC). The DOC served to reduce concentrations of CO, HC, and PM by utilizing an
oxidation catalytic converter. EURO6 vehicles employed EGR, DOC, Selective Catalyst
Reduction (SCR), and a diesel particulate filter (DPF). EGR and SCR were employed to
mitigate NOx emissions, while the DPF served as an aftertreatment device for particulate
matter reduction. In addition, vehicles with displacements of 2.0 L and 1.6 L were selected
for each regulation to evaluate the impact of displacement on diesel vehicle emissions.

2.2. Test Mode

In this study, regulatory test modes were employed to measure exhaust gas ER for
different vehicle types and fuel types. Gasoline and LPG vehicles were tested using the
Constant Volume Sampler (CVS-75), which is a regulatory test mode. Diesel vehicles were
tested using the New European Driving Cycle (NEDC), another regulatory test mode. Two
additional modes were incorporated into the standard regulatory test mode for each vehicle
type to account for diverse driving conditions. The Supplemental Federal Test Procedure
(US06), characterized by rapid acceleration and deceleration, was conducted, along with
the World Harmonized Light-duty Vehicle Test Cycle (WLTC), designed specifically for
diesel vehicles. The WLTC was proposed by the GRoup of Pollution and Energy (GRPE)
within the framework of the World Forum for Harmonization of Vehicle Regulation (WP.29)
under the UN Economic Commission for Europe (UNECE) to enhance the limitations of
the NEDC mode. Table 2 provides an overview of the speed profiles for each test mode.

Table 2. Driving mode conditions using a chassis dynamometer to test vehicles.

Parameters
Driving Mode

CVS-75 NEDC WLTC US06

Driving time (second) 1874 1180 1800 600
Driving distance (km) 17.84 11 23.26 12.9
Average speed (km/h) 34.1 33.6 46.3 77.9

Maximum speed (km/h) 91.2 120 131.6 128

2.3. Chassis Dynamometer System and Exhaust Gas Analysis

In this study, a chassis dynamometer system was employed to replicate actual road con-
ditions by controlling the load applied to the vehicle. The chassis dynamometer simulates
the driving process of repeated stoppage, acceleration, constant speed, and deceleration that
occurs on real roads. Specifically, a dynamometer designed for small passenger vehicles
and trucks with a total vehicle weight of less than 3.5 tons was utilized. Figure 1 depicts the
chassis dynamometer system employed in this study, comprising an exhaust gas analyzer,
a sampling device, a dilution tunnel, PM measurement equipment, an exhaust gas heat
exchanger, and auxiliary operation devices (such as a driver’s aid and weather station).
The exhaust gas analyzer was utilized to analyze the composition of exhaust gases emitted
through the vehicle’s exhaust pipe. Furthermore, a dilution tunnel was incorporated to
achieve a clean gas-to-exhaust gas dilution ratio of 100:1.
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Figure 1. Schematic diagram of the chassis dynamometer system.

The exhaust gas emitted from the vehicle’s exhaust pipe during each mode of operation
on the chassis dynamometer was diluted with a specific volume of air using a Constant
Volume Sampler (Figure 2a). The diluted exhaust gas was then collected in a sampling bag
for subsequent quantitative analysis. A MEXA-7200H (HORIBA) instrument capable of
analyzing CO, HC, NOx, CO2, and CH4 was used to measure the exhaust gas composition
(Figure 2b). CO and CO2 were analyzed using the Non-Dispersive InfraRed (NDIR) method,
HC was measured using the Heated Flame Ionization Detection (HFID) technique, NOx
was determined using Chemiluminescence Detection (CLD), and CH4 was analyzed via Gas
Chromatography-Flame Ionization Detection (GC-FID) [17,35]. The real-time instrument
performs a background value and calibration before each measurement. The collection of
PM2.5 involved diluting the exhaust gas with air at a predetermined ratio while the vehicle
was driven on the chassis dynamometer, and the particulate matter was collected on a
filter (Figure 2c). Samples were collected using quartz filters (Pallflex, 2500QATUP, Pall
Corp., USA) for PM and organic marker analysis. Prior to sampling, the quartz filters were
baked at 450 ◦C for 6 h to remove impurities and minimize the presence of carbonaceous
components in the blank samples. The PM2.5 emissions were calculated by measuring
the weight difference of the filter before and after collection. Vehicle NH3 emissions were
analyzed using an Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS) instrument
(Los Gatos Research (LGR), ABB Inc., Quebec, Canada) based on Laser Diode Spectrometry.
Figure 2d shows the equipment used in this study. This method utilizes the Lambert–Beer
law, which calculates absorbance based on the variation in laser intensity before and after
transmission through the sample. In addition, measurements of gas temperature, pressure,
wavelength travel distance, and wavelength after passing through the sample were taken
to calculate the NH3 concentration. The NH3 meter used in this study was calibrated by a
diluter treated with electrolytic polishing (EP) before measurement. All instruments were
calibrated before and after major measurements using a chassis dynamometer.
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Organic carbon in PM2.5 was analyzed using the Thermal-Optical Transmittance Pro-
tocol for Pyrolysis Correction based on the National Institute for Occupational Safety
and Health (NIOSH) 5040 protocol. This analysis was performed on the samples col-
lected on quartz filters during the chassis dynamometer test [36,37]. Organic molecular
markers encompass both insoluble components directly released as primary components
(e.g., PAHs) and soluble components such as organic acids. Insoluble components were
analyzed using the gas chromatography/mass spectrometry (GC/MS) method, while solu-
ble components were analyzed using liquid chromatography/tandem mass spectrometry
(LC/TS). The GC/MS analysis was conducted using a 7890 Gas Chromatograph coupled
with a 5975 Mass Spectrum Detector with helium as the carrier gas. LC/TS quantification
employed a time-programmable selected ion monitoring mode for the analysis of multiple
target compounds. The analysis in this study encompassed organic molecular markers,
including PAHs, alkanes, Hopanes, Cycloalkanes, Alkanoic acids, Benzene carboxylic acids,
and Di-carboxylic acids. Detailed analytical methods, including calibrations and quality
controls, can be found in previous studies [36,37].

3. Results
3.1. Emission Rate of CO, HC, NOx, and PM on the Regulatory Test Mode

Figure 3 and Table 3 show the ER of CO, HC, NOx, and PM obtained during the
regulatory test mode for each vehicle type. It is noteworthy that all eight vehicle types
emitted CO levels below the prescribed emission standards. Among the gasoline vehicles,
G2, equipped with a turbocharger, exhibits higher HC emissions compared with G1. This
outcome can be attributed to the larger fuel injection volume necessary to maintain the
desired air-fuel ratio, given the increased air supply facilitated by the turbocharger. The LPG
vehicle L2 demonstrates higher CO and HC emissions than L1, which can be attributed to
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differences in aftertreatment systems and fuel control methods employed in L1, compliant
with the latest regulations. The diesel vehicle D4-2, despite its inherent lean combustion
characteristics, exhibits CO ER similar to that of gasoline vehicles. This observation is
likely associated with the selection of customized engine operation control optimization
for each fuel type (gasoline and LPG: CVS-75; diesel: NEDC) in accordance with emission
regulations. Moreover, D4-2 emits the highest levels of HC, which can be attributed to
the application of EGR for NOx reduction, as EURO4 vehicles are subject to the sum of
NOx and HC regulations. These findings align with previous studies [17]. In summary,
the reduction of nitrogen oxide and the decrease in oxygen concentration, along with the
lowering of combustion temperatures due to exhaust gas components with high specific
heat (H2O and CO2), results in relatively increased CO and HC emissions.
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Figure 3. CO, HC, NOx, and PM emissions characteristics (mg/km) of LPG, gasoline, and diesel
vehicles according to regulatory test mode conditions (gasoline; LPG: CVS-75; EURO4: NEDC;
EURO6: WLTC).

Table 3. CO, HC, NOx, and PM regulation values (mg/km) for LPG, petrol, and diesel vehicles under
regulatory test mode conditions.

Vehicle Test Mode CO HC NOx HC + NOx PM

G1, G2 CVS-75 1.31 0.034 0.044 - 0.004
L1 CVS-75 0.625 - 0.019 - 0.002
L2 CVS-75 1.31 0.034 0.044 - -

EURO6 WLTC 0.5 - 0.08 0.17 0.0045
D4-1 NEDC 0.5 - 0.25 0.3 0.025
D4-2 NEDC 0.74 - 0.39 0.46 0.06

All vehicles in the study demonstrate NOx ER below the prescribed emission stan-
dards. The gasoline vehicles exhibit similar NOx emissions despite their varying displace-
ments. Among the eight vehicle types, LPG vehicles emit the lowest levels of NOx. In the
case of diesel vehicles, the EURO6 vehicle displays lower NOx emissions compared with
other vehicle types, while the EURO4 vehicles emit the highest levels. These results can be
attributed to the utilization of NOx reduction technologies such as EGR and SCR.

Regarding PM emissions during the regulatory test mode, all gasoline vehicles com-
plied with the emission standards, with only G1, equipped with a turbocharger, exhibiting
detectable PM emissions while G2 remained below the detection limit. Historically, par-
ticulate emissions have been associated with diesel engines [38]. However, PM2.5 emitted
from GDI engines equipped with turbochargers has recently become a problem. Studies
have shown that PM emissions from GDI engines are comparable to or even higher than
PM emissions from diesel engines equipped with DPFs [39]. Particulate emissions from
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GDI engines must be addressed through combustion processes or aftertreatment systems.
Similarly, both LPG and EURO6 diesel vehicles emit minimal levels of PM. However,
EURO4 vehicles, lacking DPF, display the highest PM ER as PM was emitted without
undergoing significant reduction. It is well-established that diesel combustion, initiated by
the auto-ignition of diesel fuel in hot compressed air, tends to generate higher PM emis-
sions compared with gasoline combustion, which starts with a spark igniting a uniform
mixture of gasoline vapor and air [2]. The EURO6 vehicles exhibit significantly reduced PM
emissions due to the efficient PM collection through the DPF. In contrast, EURO4 vehicles
emit a larger amount of PM, primarily due to the absence of filtration, although a small
fraction of PM might have undergone oxidation by the DOC.

3.2. Emission Rate of CO, HC, NOx, and PM on Diverse Test Mode Characteristics

Table 4 presents the ER of CO, HC, NOx, and PM obtained during the diverse test mode
for each vehicle type. Among the gasoline vehicles, G1 exhibits higher CO ER in the US06
mode compared with other test modes. The US06 mode is a test mode including warm-up
(preheating) driving warm-up before test measurement to satisfy the rapid acceleration
driving speed, and the analysis was conducted after the vehicle was sufficiently warmed up.
During the preheating mode, G1 demonstrated significantly higher emissions than in other
test modes. G2, on the other hand, emitted the highest amount of CO in both the NEDC
and US06 modes. This result can be attributed to rapid acceleration and deceleration, as
well as variations in test mode configurations that may include different starting conditions
compared with G1. In the case of LPG vehicles, L2 displays considerable CO ER in the US06
mode. This can be attributed to the increased fuel consumption necessary to overcome the
high load demands and achieve the desired driving speeds in the rapid acceleration test
mode. Conversely, the reason why L1 has a lower ER than L2 is judged to be influenced by
the fuel control technology or aftertreatment device applied to meet the regulation of L1
produced in 2017. Notably, the EURO4 diesel vehicles emit higher levels of all pollutants
compared with gasoline and LPG vehicles in the NEDC mode; however, their emission
rates remain lower than those of gasoline and LPG vehicles overall.

Table 4. Emission Rate of CO, HC, NOx, and PM by test mode (mg/km).

Compound Mode G1 G2 L1 L2 D6-1 D6-2 D4-1 D4-2

CO

CVS-75 634.7 204.0 101.4 500.5 - - - -
US06 2577.0 576.0 126.0 7660.4 - - - 130.0

NEDC 1711.5 612.6 - - - - 135.0 590.0
WLTC 1770.5 491.7 - - 37.0 35.0 0.0 125.0

HC

CVS-75 30.0 9.0 3.0 10.0 - - - -
US06 21.0 7.0 1.0 34.0 4.0 4.0 2.0 18.0

NEDC 177.0 45.0 - - - - 17.0 78.0
WLTC 23.0 2.0 - - 8.5 12.0 4.0 21.0

NOx

CVS-75 13.0 10.0 3.0 5.0 - - - -
US06 40.0 50.0 2.0 2.0 38.0 60.0 430.0 670.0

NEDC 40.0 10.0 - - - - 162.0 316.0
WLTC 50.0 35.0 - - 33.4 36.0 323.0 480.0

PM

CVS-75 1.2 - - 0.2 - - - -
US06 - 2.0 0.4 0.9 0.4 - 21.4 33.0

NEDC - - - - - - 18.3 29.8
WLTC 0.9 - - - 0.4 0.1 14.0 21.0

The emission levels of HC in each test mode were analyzed. G1 exhibits the highest
HC emissions in the NEDC mode, indicating that a portion of the fuel used during vehicle
startup is not fully combusted and subsequently emitted as exhaust gas. This can be
attributed to the inclusion of starting conditions in the test mode. Furthermore, the delayed
activation of the catalyst due to the gentle driving conditions at the beginning of the NEDC
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mode also influenced the HC emissions. Similarly, G2 emits the highest levels of HC
in the NEDC mode, with overall lower HC emissions compared with G1 across all test
modes. For LPG vehicles, L2 consistently exhibits higher HC emissions than L1 in all test
modes. L2 displays significant HC emissions in the US06 mode, which can be attributed
to increased fuel consumption and the subsequent emission of unburned HC due to the
high load conditions. The EURO6 vehicles are estimated to have high HC emissions before
reaching the activation temperature of DOC, a CO and HC abatement device. As a result,
the EURO6 vehicles display the highest ER of HC in the WLTC mode. Conversely, EURO4
vehicles demonstrate the highest ER of HC in the NEDC mode, despite the application of
the reduction device DOC. In the case of NOx ER, LPG is the lowest among fuels. Gasoline
has CVS-75, EURO6 has the lowest WLTC, and EURO4 has the lowest NEDC, resulting in
the lowest NOx emission in the corresponding regulatory mode. Regarding PM emissions,
EURO4 vehicles emit the highest levels in each test mode. The greatest amount of PM is
emitted during the rapid acceleration/deceleration US06 mode. This observation can be
attributed to the absence of a DPF in EURO4 vehicles, unlike the EURO6 counterparts,
resulting in the emission of larger quantities of PM.

3.3. Emission Rate of Ammonia

Measurements were conducted using the CVS-75 mode for gasoline and LPG vehi-
cles, the WLTC mode for EURO6 vehicles, and the NEDC mode for EURO4 vehicles in
Table 5 to assess NH3 emissions based on the regulatory test mode. The findings indicate
that gasoline vehicles emit the highest levels of NH3, followed by LPG and diesel vehi-
cles. During the CVS-75 cycle, the gasoline vehicle G1 exhibits the highest NH3 ER of
61.8 mg/km, while the LPG vehicle L2 displays the second-highest ER, measuring
17.8 mg/km. In contrast, both EURO4 and EURO6 diesel vehicles demonstrate negli-
gible NH3 emissions, with values of 0.2 mg/km or lower.

Table 5. Emission rate of NH3 by test mode (mg/km).

Mode G1 G2 L1 L2 D6-1 D6--2 D4-1 D4-2

CVS-75 61.8 8.7 4.4 17.8 - - - -
WLTC 114.9 27.4 - - 0.2 0.00 0.07 0.03
US06 123.9 22.0 4.7 30.3 0.4 0.05 0.01 0.03

NEDC 106.0 15.0 - - 0.4 0.09- 0.04 0.12

Table 5 provides the NH3 emissions of each vehicle type in different test modes.
Among the gasoline vehicles, G1 exhibits the lowest NH3 emissions in the CVS-75 mode, a
regulatory test mode, but emits the highest levels of NH3 in the US06 and WLTC modes,
which are preheating modes (hot start). In the US06 mode, characterized by an average
speed of 77 km/h and maximum acceleration of 3.8 m/s2, the increased NH3 emissions
can be attributed to the more rapid driving characteristics compared with other modes.
The higher NH3 emission rate in US06 can be mainly attributed to the higher emission
during the aggressive acceleration section [40]. Furthermore, NH3 emissions in the NEDC
mode are higher than those in the CVS-75 mode. This result suggests that the emission
variation is influenced by the difference in driving stability between the CVS-75 and NEDC
modes, despite both being under the same cold start condition. Similarly, G2 exhibits
the lowest NH3 emissions in the CVS-75 mode, consistent with G1 but with a different
absolute value. In addition, G2 demonstrates similar NH3 emission levels in the US06
and WLTC modes compared with G1, highlighting the impact of turbocharger absence,
unlike G1, and resulting in differing NH3 emissions during rapid acceleration/deceleration.
Consequently, G2 exhibits the highest NH3 emissions in modes characterized by frequent
acceleration sections.

Among the two LPG vehicles, emissions tests were conducted solely in the CVS-75 and
US06 modes. The 2.0 L class L1 exhibits minimal NH3 emissions of 4.4 mg/km, lower than
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that of the equivalent 2.0 L class G1. L2 emits higher levels of NH3 compared with L1, with
NH3 emissions in the US06 mode, a rapid acceleration/deceleration mode, being 1.7 times
higher than those in the CVS-75 mode. These two vehicles share the same displacement
but differ in fuel control method, suggesting that the fuel injection method of LPG vehicles
influenced NH3 generation.

All four diesel vehicles emit small amounts of NH3, measuring 0.4 mg/km or less
across all modes. Despite EURO6 vehicles being equipped with SCR, which could result in
ammonia slip, no NH3 emissions indicative of slip are detected in the actual regulatory and
rapid acceleration/deceleration modes. In addition, minimal NH3 emissions are observed
in the driving mode after initial startup, distinguishing diesel vehicles from gasoline and
LPG vehicles. This discrepancy can be attributed to differences in the combustion method,
with diesel vehicles employing lean combustion compared with gasoline and LPG vehicles
equipped with air–fuel ratio control devices. Furthermore, the variation in NH3 emission
rates among vehicles can be attributed to the use of oxidation catalysts in diesel vehicles,
while gasoline and LPG vehicles undergo both oxidation and reduction processes. EURO4
vehicles, equipped with EGR and DOC aftertreatment devices, exhibit NH3 emissions at
similar levels to EURO6 vehicles. Similar to EURO6, NH3 emissions are only detected
during the initial startup, with no NH3 emissions detected under normal driving conditions.

It is known that the precursor CO in exhaust gas contributes most to the formation of
NH3. Previous studies showed a high correlation (r2 = 0.76, 0.97) between NH3 and CO
from EURO6 (WLTC mode) and EURO5, 6 (NEDC mode) [24,41]. A correlation analysis
between the ammonia released from each regulatory mode and the ammonia precursor CO
was performed. Gasoline and LPG show a high correlation (r2 = 0.96), and diesel shows a
low correlation with NH3 ER less than 0.02 mg/km.

In the current regulatory framework, legal standards are in place for controlling ex-
haust gas pollutants such as HC, CO, and NOx. To simultaneously reduce these pollutants,
the installation of TWC aftertreatment devices is mandatory for gasoline and LPG vehicles.
This device utilizes catalysts such as platinum (Pt), palladium (Pd), and rhodium (Rd) to
facilitate the reduction of regulated exhaust emissions [42]. However, a challenge arises as
these aftertreatment devices also generate a significant precursor to secondary pollutants,
namely NH3. NH3 formation occurs through the reaction of NOx with H2, which is gener-
ated from the reaction of CO and H2O [43,44]. Liu et al. [43] reported NH3 concentrations
of 10.9 mg/km in the NEDC mode and 46.9 mg/km in the WLTC mode when measured
after the TWC. Furthermore, the sulfur content present in the fuel can contaminate the
TWC converter, affecting the production and conversion of NH3 and NOx [26]. However,
previous studies have primarily focused on measuring NH3 solely at the vehicle tailpipe
after the TWC without confirming whether the NH3 is actually generated by the catalyst.
Hence, this study aimed to measure NH3 both at the vehicle tailpipe and at the front of
the TWC to determine the catalyst’s role in NH3 generation. GDI vehicles were utilized
for experimental purposes, conducted under the NEDC mode. The findings revealed trace
amounts of NH3 detected at the TWC front and substantial amounts detected at the TWC
tailpipe, confirming the TWC as the primary source of NH3 production. These results
underscore the necessity of developing strategies to mitigate NH3 emissions from gasoline
and LPG vehicles, aiming to reduce PM2.5 pollution in the atmosphere.

3.4. Emission Rate of Organic Molecular Markers

According to Zhang et al. [45], a significant proportion of pollutants emitted from
vehicles consists of organic components. In this study, exhaust gas samples were collected
and analyzed during driving in the US06 and CVS-75 modes to determine the ER of OC
and EC based on the fuel type. OC and EC emissions were quantified using quartz filters
for gas collection, and the results are presented in Table 6. Diesel engines are extensively
utilized in various applications such as vehicles, ships, and construction machinery due
to their high thermal efficiency, cost-effectiveness, and durability [1,45]. However, the
widespread use of diesel engines also contributes to significant environmental pollution
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issues [32]. To mitigate PM emissions, the installation of DPF in diesel vehicles has become
crucial for effective exhaust gas emission control, considering the substantial role of diesel
vehicles as a major source of PM production [1]. Nevertheless, despite the oxidation and
combustion of most PM during vehicle operation, non-volatile substances such as elemental
carbon, ash, and soot persist [7,32,45]. Hence, this study focused on analyzing the carbon
content by capturing exhaust gas during DPF regeneration (DPFre) using EURO6 vehicles
(EURO6 DPFre).

Table 6. Emission Rate of OC and EC by test mode (mg/km).

Vehicles Mode OC EC OC/EC

LPG US06 0.04 0.01 4.0
Gasoline (G1) US06, CVS-75 0.10 0.03 0.3
Gasoline (G2) US06, CVS-75 0.02 0.02 1.2
Diesel EURO4 US06 1.44 10.38 0.1
Diesel EURO6 US06 0.01 0.01 0.9
Diesel EURO6

during DPF
regeneration

US06 0.03 0.04 0.6

Regarding the CVS-75 mode, all vehicles except for gasoline vehicles exhibit minimal
emissions of OC and EC. Therefore, the carbon components generated in the US06 mode
were analyzed for LPG and diesel vehicles. Among the vehicles, EURO4 vehicles emit
the highest levels of OC and EC. On the other hand, EURO6 vehicles show the lowest
emissions of OC and EC. During DPF regeneration, OC and EC emissions increased to
0.03 and 0.04 mg/km, respectively, which were 2.2 and 3.3 times higher than normal levels.
These findings indicate that while DPFs effectively remove significant amounts of PM from
exhaust gases, they also contribute to the generation and emission of another air pollutant,
carbonaceous material.

Furthermore, this study analyzed the presence of organic molecular markers in the
samples collected from the quartz filters, categorized by fuel type. The analyzed OC
data were normalized, and Table 7 presents the quantities of specific organic markers
such as PAHs, Hopanes, Cycloalkanes, Alkanes, Alkanoic acids, Benzo carboxylic acids,
and Di-carboxylic acids per unit of OC. The results revealed variations in emission rates
depending on the fuel type. EURO4 vehicles, which exhibit the highest OC emissions
among all vehicles, also show the highest emissions of organic marker substances overall.
Notably, PAHs, Hopanes, Cycloalkanes, and Alkanes exhibit higher values compared with
the other vehicles. With the exception of EURO4, EURO6 vehicles exhibit the highest
values for Cycloalkanes, Alkanes, and Benzo carboxylic acids, while gasoline vehicle G1
shows the highest values for PAHs, Alkanoic acids, and Di-carboxylic acids. These findings
provide significant data for distinguishing between the emission characteristics of EURO
regulations and diesel vehicles based on air-soluble organic markers. In addition, the lower
PAH emissions observed in EURO6 vehicles compared with gasoline vehicles indicate the
relatively superior exhaust gas component reduction function of EURO6. Notably, EURO6
DPFre exhibits much higher PAH emissions at 49.3 ng/km, approximately 114 times higher
than EURO6. Moreover, EURO6 vehicles do not emit Cycloalkanes, whereas EURO6 DPFre
emits 47.7 ng/km of Cycloalkanes, indicating a distinct difference. As emissions during
DPF operation exceeded general emissions, further studies are necessary to investigate the
organic molecular markers generated during the operation of aftertreatment devices.

Among the analyzed PAHs, EURO4 vehicles exhibited the highest ER, with notable
increases in Phenanthrene, Fluoranthene, and Pyrene emissions compared with other vehi-
cles in Table 8. These findings serve as important indicators for identifying EURO4-specific
emission sources, as the aforementioned three components show significantly higher
emission rates compared with other vehicles. Most of the PAHs emitted from EURO6
are below the detection limit. Similarly, in the analysis of 16 Hopane types in Table 9,



Appl. Sci. 2023, 13, 9366 12 of 16

EURO4 vehicles exhibit the highest emissions overall. Emissions of 22S-Trishomohopane,
22R-Trishomohopane, AAA-20S-C27-Cholestane, ABB-20R-C27-Cholestane, and AAA-
20R-27-cholestane are exclusively observed in EURO4 vehicles. Among the Alkane series,
n-Tetradecane and n-Hexadecane exhibit the highest emissions. EURO4 vehicles also
emit the highest levels of the Cycloalkane series, whereas EURO6 vehicles emit negli-
gible amounts, indicating contrasting emission patterns between EURO4 and EURO6.
Regarding the Alkane series, EURO4 vehicles show the highest emissions of Phytane, while
EURO6 vehicles display the highest emissions of n-Tetradecane. Notably, EURO6 DPFre
vehicles show the highest emissions of n-Heneicosane. Components such as n-Tridecane,
n-Pentadecane, Norpristane, Pristane, and Phytane are exclusively emitted by EURO4
vehicles, making them potential representative emission components in future studies.
However, components after n-Hexacosane exhibited characteristics of being unanalyzed.
Particularly, among the polar components, all components of Benzene carboxylic acid (i.e.,
Phthalic Acid, Isophthalic Acid, Terephthalic Acid, 1,2,4-Benzenetricarboxylic Acid, 1,2,3-
Benzenetricarboxylic Acid, 1,3,5-Benzenetricarboxylic Acid, 1,2,4,5-Benzenetetracarboxylic
Acid, and Methylphthalic Acid) display elevated levels in EURO4 vehicles, indicating their
high emission rates in Table 10.

Table 7. Emission Rate of Organic Molecular Markers (ng/km).

LPG Gasoline Gasoline Diesel
EURO4

Diesel
EURO6

Diesel (DPFre)
EURO6

Compounds L2 + L1 G1 G2 D4-1 + D4-2 D6-1 + D6-2 D6-1 + D6-2

PAHs 17.30 1482.09 90.44 62,997.68 0.43 49.28
Hopanes 1.83 10.44 4.60 854.52 0.53 5.31

Cycloalkanes 5.14 28.30 16.89 1208.50 - 47.68
n-Alkanes 211.13 717.99 355.88 85,290.67 171.17 1177.62

Alkanoic acids 1444.59 3836.63 1693.68 47,426.31 1913.94 2697.11
Benzene carboxylic acids 21.49 111.09 17.16 35,419.15 38.76 60.52

Di-carboxylic acids 193.07 1315.33 212.12 7430.16 72.65 228.02

Table 8. Emission Rate of Organic Molecular Markers (PAHs) (ng/km).

LPG Gasoline Gasoline Diesel
EURO4

Diesel
EURO6

Diesel (DPFre)
EURO6

Compounds L2 + L1 G1 G2 D4-1 + D4-2 D6-1 + D6-2 D6-1 + D6-2

Phenanthrene 0.52 234.99 8.19 14,826.95 0.27 41.42
Anthracene 0.21 63.60 2.01 3343.98 - 0.45

Fluoranthene 1.64 420.13 24.07 15,904.90 - 2.18
Acephenanthrylene 0.26 63.56 2.72 3341.99 - -

Pyrene 4.68 576.89 20.02 18,199.49 0.16 2.85
Benzo(ghi)fluoranthene 2.45 30.21 5.18 1,588.51 - 0.44
Cyclopenta(cd)pyrene - 2.83 - 148.72 - -

Benz(a)anthracene 3.09 14.24 2.00 748.48 - 0.36
Chrysene 2.34 17.14 2.75 901.46 - 0.35

Retene 0.28 1.20 0.35 63.11 - -
Benzo(b)fluoranthene 0.70 8.49 1.57 714.58 - -
Benzo(k)fluoranthene 0.17 5.57 0.87 492.06 - -
Benzo(j)fluoranthene 0.00 0.82 0.07 77.93 - -

Benzo(e)pyrene 0.39 7.41 1.99 623.55 - -
Benzo(a)pyrene 0.27 4.32 1.23 408.46 - -

Perylene - 0.88 - 46.29 - -
Indeno(123cd)pyrene - 8.11 3.00 426.25 - -
Benzo(ghi)perylene 0.28 13.21 8.30 694.45 - 1.25

Coronene 0.00 8.49 5.77 446.52 - -
Dibenzo(ae)pyrene 0.00 0.00 0.34 - - -
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Table 9. Emission Rate of Organic Molecular Markers (Hopanes) (ng/km).

LPG Gasoline Gasoline Diesel
EURO4

Diesel
EURO6

Diesel (DPFre)
EURO6

Compounds L2 + L1 G1 G2 D4-1 + D4-2 D6-1 + D6-2 D6-1 + D6-2

17A(H)-22,29,30-Trisnorhopane 0.23 1.21 0.31 55.75 - 0.71
17A(H)-21B(H)-30-Norhopane 0.53 4.57 1.32 235.82 0.15 1.81

17A(H)-21B(H)-Hopane 0.51 2.20 0.92 140.73 0.38 1.07
22S-Homohopane 0.19 1.55 0.42 84.46 - 0.72
22R-Homohopane 0.16 0.92 0.36 63.98 - 0.51

22S-Bishomohopane - - 0.35 49.56 - -
22R-Bishomohopane - - 0.37 37.19 - -
22S-Trishomohopane - - - 30.80 - -
22R-Trishomohopane - - - 18.78 - -

AAA-20S-C27-Cholestane - - - 29.84 - -
ABB-20R-C27-Cholestane - - - 22.22 - -
AAA-20R-27-Cholestane - - - 23.54 - -
ABB-20R-C28-Ergostane - - 0.13 8.28 - -
ABB-20S-C28-Ergostane - - 0.11 11.23 - -
ABB-20R-C29-Sitostane 0.13 - 0.16 26.78 - 0.26
ABB-20S-C29-Sitostane 0.07 - 0.15 15.56 - 0.23

Table 10. Emission Rate of Organic Molecular Markers (Benzene carboxylic acid) (ng/km).

LPG Gasoline Gasoline Diesel
EURO4

Diesel
EURO6

Diesel (DPFre)
EURO6

Compounds L2 + L1 G1 G2 D4-1 + D4-2 D6-1 + D6-2 D6-1 + D6-2

Phthalic Acid 12.50 50.57 10.20 1512.50 20.10 30.26
Isophthalic Acid 2.75 18.09 2.20 4959.33 5.50 10.02

Terephthalic Acid 4.10 36.62 3.38 2180.72 6.00 9.50
1,2,4-Benzene carboxylic Acid - - - 5936.00 - -
1,2,3-Benzene carboxylic Acid 1.17 - - 16,689.74 - -
1,3,5-Benzene carboxylic Acid - - - 486.09 - -

1,2,4,5-Benzene carboxylic Acid - - - 2970.78 - -
Methylphthalic Acid 0.96 5.82 1.38 683.98 7.17 10.74

The EURO4 vehicles exhibit the highest relative emissions of OC and EC. Notably,
specific organic marker substances such as PAHs (Phenanthrene, Fluoranthene, Pyrene),
17A(H)-22,29,30-Trisnorhopane, 17A(H)-21B(H)-30-Norhopane, and A(H)-21B(H)-Hopane
were identified. Furthermore, the highest relative distribution of Alkanoic acid is observed
in the G1 vehicles. These findings indicate that the emission contributions to the atmo-
sphere from different fuel types can be estimated based on the distinctive distribution
patterns of organic marker substances, Alkane, and Benzo carboxylic acid, particularly for
EURO4 vehicles.

4. Conclusions

Despite the importance of vehicle emissions, little is known about the consequences of
unregulated pollutant emissions. In the present study, we checked the ER of CO, HC, NOx,
PM, NH3, and organic markers emitted from gasoline, LPG, and diesel (EURO4, EURO6)
vehicles using a chassis dynamometer to look into the characteristics of the pollutants
emitted from vehicles. Chassis dynamometers can measure pollutant emissions from
various vehicles under controlled driving conditions and can effectively evaluate emission
control technology. The CO, HC, NOx, and PM emitted in regulatory test modes all satisfied
the acceptance criteria. As for NH3 emission in different regulatory test modes, the gasoline
and LPG vehicles emitted NH3 in the CVS-75 mode. The diesel vehicles emitted very
small NH3 amounts of 0.1 mg/km or less in the NEDC (EURO4) and WLTC (EURO6)
modes. In addition, the gasoline vehicles showed characteristics where the higher the
displacement, the greater the increase in NH3 emission. Because the water gas shift reaction
of CO generated hydrogen, which increased the probability of NH3 being generated, it
brought the result where NH3 emission increased in the vehicles with large CO emissions.
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The EURO4 vehicles showed the greatest emissions of organic carbon. In addition, the
difference in the organic marker substances emitted from EURO4 and EURO6 of the same
fuel type was confirmed. Furthermore, the present study centered on the analysis of
carbon content by capturing exhaust gas during diesel particulate filter (DPF) regeneration
employing EURO6 vehicles, thereby warranting additional consideration. As a result, each
fuel showed different organic molecular marker profiles and total ER. The results of this
study highlight the importance of considering specific marker components for each fuel to
assess unregulated pollutants in vehicle emissions.
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Appendix A

Table A1. Specifications of Gasoline and LPG Vehicles (G1, G2, L1, and L2).

Vehicle G1 G2 L1 L2

Fuel Gasoline Gasoline LPG LPG
Production year 2015 2017 2017 2015

Mileage 76,000 26,000 4000 78,000
Engine Theta II Alpha NU l4

Fuel supply method GDI
(Turbocharger) GDI LPLi LPGi

Displacement (cc) 1999 1598 1999 1998
Maximum output (HP) 168 13 146 137

Maximum torque (kg·m) 20.5 15.7 19.5 18.7
Fuel efficiency (km/L] 10.8 13.7 10.3 8.3

Reduction device
Three-way

catalytic converter
(Tier-2)

Three-way
catalytic converter

(Tier-2)

Three-way
catalytic converter

(Tier-3)

Three-way
catalytic converter

(Tier-2)

Table A2. Specifications of Diesel Vehicles (D6-1, D6-2, D4-1, and D4-2).

Vehicle D6-1 D6-2 D4-1 D4-2

Fuel Diesel Diesel Diesel Diesel
Production year 2018 2018 2007 2008

Mileage 4000 2500 89,000 190,000
Engine R VGT UIII e-VGT J3 D-VGT

Fuel supply method CRDI CRDI CRDI CRDI
Displacement (cc) 1995 1598 2902 1991
Max. output (HP) 186 136 174 151

Max. torque (kg·m) 41.0 32.6 36.0 34.0
Fuel efficiency (km/L) 13.8 16.3 10.0 12.6

Reduction device EGR + DOC + SCR + DPF
(EURO-6)

EGR + LNT + SCR + DPF
(EURO-6)

EGR + DOC
(EURO-4)

EGR + DOC
(EURO-4)
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