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Abstract: Diesel pallet trucks, a type of heavy-duty diesel trucks (HDDTs), have historically been
a vital component in logistics and transport due to their high payload capacity. However, they
also present significant challenges, particularly in terms of emissions which contribute substantially
to urban air pollution. Traditional HDDTs emission measurement methods, such as engine bench
tests and those used in laboratory settings, often fail to capture real-world emission behaviors
accurately. This study specifically examines the real-world emission characteristics of diesel pallet
trucks exceeding 30 t under varying loads (unloaded, half loaded, and fully loaded) and different
road conditions (urban, suburban, and high-speed). Considering that data quality is the key to the
accuracy of the scheme, this research utilized a portable emission measurement system (PEMS) to
capture real-time emissions data of carbon dioxide (CO,), carbon monoxide (CO), nitrogen oxides
(NOx), and total hydrocarbons (THC). Key findings demonstrate a direct correlation between vehicle
load and emission factors, with the emission factors for CO,, CO, and NOyx increasing by 39.5%,
105.4%, and 22.7%, respectively, from unloaded to fully loaded states under comprehensive operating
conditions. Regression analyses further provide an emission factor prediction model for HDDPTs,
underscoring the continuous relationship between speed, load, and emission rates. These findings
provide a scientific basis for pollution control strategies for diesel trucks.

Keywords: heavy-duty diesel panel truck; PEMS; vehicle load; emission characteristics

1. Introduction

Urban environmental pollution and global warming have become major challenges for
society today [1,2]. Transportation is a significant contributor to urban pollution and carbon
dioxide (CO,) emissions [3,4]. Despite heavy-duty diesel trucks (HDDTs) representing
only a small fraction of China’s vehicle fleet, the pollutants they produce should not be
underestimated. In China, the emissions of carbon monoxide (CO), total hydrocarbons
(THC), nitrogen oxides (NOx) and particulate matter (PM) of HDDTs were 704,000 t,
84,000 t, 4,001,000 t and 33,000 t, respectively, in the year of 2021, accounting for 10.6%,
17.7%, 76.1%, and 51.6% of the total automotive emissions, respectively [5]. NOx and CO,
among other harmful substances, not only have significant environmental impacts but also
pose serious threats to human health [6].

Research indicates that vehicle emissions are influenced by several factors, includ-
ing vehicle load [7], road gradient [8], environmental conditions (temperature, humidity,
etc.) [9], and driving modes (acceleration, deceleration, idle speed, etc.) [10]. Among these
factors, extensive studies have been conducted on the impact of driving modes on vehicle
emission characteristics. Chen et al. [11] calculated the proportion of time of the test vehicle
in the running process and analyzed the influence of speed and acceleration on vehicle
exhaust emission in detail. They pointed out that the vehicle emission rate varies greatly
due to factors such as speed and acceleration. Dhital et al. [12] quantitatively defined
aggressive driving and normal driving behavior as relative positive acceleration to study
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the influence of driving behavior on the emissions of old diesel trucks. Their results show
that the emissions of PM, CO, and THC are significantly different under different driving
modes. However, little research has been done on the real-time emission test of pallet
trucks over 30 t and the emission model under coupled different load conditions. Thomas
et al. [13] measured the emissions of light heavy-duty pickup trucks under a combination of
unloaded, half-loaded, and fully loaded and different driving cycles using a dynamometer.
The weight of the diesel vehicles tested was between 8510 and 9200 Ib. It was found that the
effect of increasing payload on diesel vehicle emissions varied with vehicles and pollutants.
Hausberger et al. [14] measured heavy-duty test vehicles using engine bench tests and
chassis dynamometers to analyze the effect of vehicle load and road gradient on NOx under
different driving cycles for vehicles with different emission standards. Chen et al. [15]
tested a heavy-duty diesel bus using a chassis dynamometer and explored the THC, CO,
PM, NOx emissions and fuel consumption of the vehicle under unloaded, half-loaded and
fully loaded states. Although all the above papers show that the load condition is closely
related to the vehicle emission characteristics, the data source is not the actual driving
environment. In this paper, real-time emission tests are carried out under different scenar-
ios for heavy-duty diesel panel trucks (HDDPTs) over 30 t, to address the shortcomings
of the emission characteristics of HDDPTs in the real environment and the total amount
assessment. Our methods include: (1) Testing under different loads. (2) Test under various
driving conditions (urban, suburban and high-speed). (3) Comprehensively consider the
influence of various factors on emissions and recreate the real driving scene. By integrating
these factors, we hope to provide a comprehensive understanding of HDDTs emissions.

Because the load of heavy trucks is usually large, it is very important to evaluate the
impact of these loads on emissions. Most of the studies on vehicle loading are outdated
and mostly use laboratory measurements. The laboratory measurement methods cannot
fully reflect the real road driving conditions. With the deepening of emission research and
the improvement of environmental awareness, the requirements for vehicle measurement
are increasing. At present, automobile exhaust measurement is usually carried out using
a chassis dynamometer [16], the engine bench test method [17], the tunnel method [18],
remote sensing [19] and portable emission measurement systems (PEMS) [20]. However,
the first four methods have shortcomings that cannot be ignored [21,22]. The chassis
dynamometer cannot reproduce real road conditions, such as road friction, air resistance,
etc. The engine bench test method can only test the emission performance of the engine,
without considering the actual emission of the whole vehicle under different loads and
driving conditions. The tunnel method needs special infrastructure and the test process
is complex and time-consuming. Remote sensing can usually only obtain the emission
data of a single pass and cannot continuously detect the emission changes of the same
vehicle under different conditions. However, PEMS can provide more comprehensive and
diversified emission data and truly reflect the emission level under actual road conditions.
Many countries have adopted the PEMS test as a standardized method for heavy vehicle
emission measurement [23,24].

Some studies on the influence of vehicle load on emissions have been performed
using PEMS. Frey et al. [22] used PEMS to study the emission difference of HDDTs under
loaded and unloaded conditions and calculated the emission rate ratio of loaded and
unloaded cycles. Wang et al. [21] studied the emission difference of diesel semi-trailer
towing trucks under different load states using on-board diagnostic (OBD) and PEMS,
specifically comparing the STP distribution, emission rate distribution and emission factor
characteristics. Su et al. [25] analyzed the characteristics of NOx emission factor and
emission concentration of HDDTs under the comprehensive influence of different road
types (urban, suburbs and motorways), different vehicle loads (0%, 50% and 75%) and
different SCR system statuses (operation and failure) based on PEMS. Liu et al. [26] explored
the NOx emission changes of urban heavy vehicles under various payload conditions. The
paper mentions that increasing the payload is beneficial for reducing NOx emissions.
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However, research in this field is still limited, with most of them focusing on the difference
of vehicle emission factors and Vehicle Specific Power (VSP) distribution.

The VSP value has been used to reflect the engine power required by a vehicle to
overcome aerodynamic force, rolling drag force, and rotational force to move the vehicle
forward on actual roads [27]. It has intuitive physical significance and well represents the
actual workload of vehicles. Therefore, a large number of scholars have expressed concerns
about the relationship between VSP and vehicle emissions. For example, Chong et al. [28]
determined the road load coefficient of VSP and the regression coefficient between fuel uti-
lization rate and VSP in order to study the exhaust emission characteristics. Wang et al. [29]
analyzed the emission of urban freight vehicles based on the VSP method and affirmed the
important role of VSP in emission analysis.

For this purpose, the emissions of CO,, CO, NOx and THC are mainly studied using
31 t HDDPTs as the research object. The PEMS test is used to collect emission data under
actual road conditions when the vehicle is unloaded, half loaded and fully loaded. The
effects of driving conditions and vehicle load ratio on emission factors were comprehen-
sively considered. The characteristics of instantaneous emission corresponding to vehicle
speed and acceleration are analyzed. In addition, the distribution of VSP at different loads
of the vehicle was further analyzed.

The organization of the research work is as follows: Section 2 covers experimental
design, including the design of testing equipment, vehicles, and routes, as well as data
processing requirements. Section 3 analyzes the effects of different operating conditions
on emission factors, the influence of vehicle motion states on emission rates, and the VSP
characteristics under various loads. Section 4 presents the conclusions.

2. Materials and Methods

In order to accurately measure and analyze the emissions of diesel pallet vehicles
exceeding 30 t under different load conditions and real environment, a robust data collection
system is combined with comprehensive data analysis. First of all, experimental design
should be carried out, including the design of test equipment, test route and test vehicle.
A complete experimental design can obtain high-quality vehicle emission data. Then, the
collected data are processed, including the calculations of the emission factor and emission
rate, VSP calculation and division. Finally, numerical values, such as emission factor,
emission rate, VSP and other influencing factors, such as operating conditions, load status
and driving mode are combined for data mining.

2.1. Emission Measurement Systems

A PEMS of ECOSTAR developed by SENSORS Company was used for the emis-
sion test. It meets the measurement requirements of CFR40 part 1065, UE-ECE R49 and
EU582/2011. The equipment mainly includes three core components: a flowmeter, a gas
analyzer and a particle analyzer. In this study, the flowmeter was assembled with an
averaging Pitot tube sensor to monitor the instantaneous exhaust flow rate. Using the
gas analyzer, CO, and CO were measured by non-dispersive infrared (NDIR), NOx was
measured using ultraviolet absorption technology, and THC was measured using a heated
flame ionization detector. The device is powered by two external high-energy density
lithium batteries connected in parallel. PEMS is equipped with a global positioning system
(GPS) and a meteorological center to obtain spatial coordinates, road height, vehicle speed
and environmental parameters. The GPS receiver was placed on the roof of the vehicle, and
the meteorological center was fitted with a rain cover and fixed squarely in the open space.
All test results were transmitted to the computer via data lines. The vehicle exhaust gas
collection process is shown in Figure 1. To ensure that the test equipment is in normal oper-
ating condition, preheat the test equipment for at least 1 h, and use N, for zero calibration
and standard gas for calibration. The sampling frequency of each instrument is 1 Hz. Each
test is carried out in accordance with the operation manual for equipment installation and
debugging. Ultimately, instantaneous emissions of CO,, CO, NOx, and THC per second
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Test vehicle

can be obtained for the test vehicle. Obtaining data under real driving conditions using
PEMS provides an accurate assessment of vehicle emissions.
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Figure 1. Vehicle exhaust gas collection process.

2.2. Vehicle Information and Test Route

Since 2014, a two-year road emission test for motor vehicles has been conducted in
Beijing and Tianjin, China. A total of 73 representative motor vehicles of different vehicle
types were used. The vehicle types include light-duty passenger vehicles, heavy-duty
passenger vehicles, light-duty trucks, medium-duty trucks, and heavy-duty trucks of
different fuel power. Four emission standards, ranging from China II to China V, were
covered. From China II to China V, the emission standards have been gradually improved,
the types of pollutants controlled have increased, and the limits have become stricter. A
series of investigations on vehicle emissions were carried out from different perspectives.
The actual on-road emission tests of heavy-duty vehicles conducted in this study were
completed in Tianjin, China. Six heavy-duty trucks with an approved load mass of 18.9 t
were obtained from a logistics company. The detailed parameters of the vehicles are listed
in Table 1. This test does not involve the cold start stage of the vehicles. The air conditioner
was turned off during the test, and the diesel fuel used was obtained from a local gas station.
Carry out a condition check before the test to ensure that the vehicle is in proper working
order. Before each test, PEMS system status confirmation, sensor inspection, instrument
calibration and zero calibration were completed.

Table 1. Basic information of test vehicles.

Information Parameter
Fuel type Diesel
Gross vehicle mass/t 31

Curb weight/t 11.9
Approved load mass/t 18.9
Model year 2012
Rated power/kw 203
Aftertreatment SCR

The load states of the test vehicles are set to 0%, 50% and 100% corresponding to the
full load. Because the test vehicles have the approved load mass of 18.9 t, it is difficult to
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reach the full load state under the test conditions. We chose to use lead weights and buckets
of water as loads to facilitate loading and control the load. The payload information of the
test vehicles is determined by measuring the total weight of the loaded goods before each
test. With reference to the regulations on truck traffic restrictions in Tianjin, test plans and
back-up plans are formulated to avoid the restricted hours and road sections. When the
established routes are too congested or other unforeseen circumstances occur, adjustments
are made in accordance with the back-up plan. Choose sunny working days and conduct
emission tests under different load states in urban, suburbs and high-speed sections. In
order to ensure the analyzability of the impact of vehicle load on emissions, the test routes
under the same road operating conditions at different load states were the same. The total
test routes are shown in Figure 2. The testing duration for each road type was about 30 min,
and the length of the test route varies from 12 km to 35 km. In order to minimize the impact
of the driver’s personal driving behavior on emissions, experienced truck drivers were
recruited to drive the test vehicle.

1177 30°0'E

39° 0’ 07N+ 39t o' o'N

117° 30° 0"E

Figure 2. Total test route for urban, suburban, and high-speed sections. Red represents the urban
route; purple represents the suburban route; green represents the high-speed route. The high-speed
and suburban routes have some overlapping lines.

This study lasted for two months and the emission test was completed in six vehicles.
Each test used a fixed vehicle load, while driving in urban, suburbs and high-speed sections.
The testing day includes working days and weekends, involving various road conditions.
The duration of each test ranges from 90 min to 120 min. Each truck has 72,000 pieces
of data to ensure the authenticity and reliability of the collected data. Figure 3 shows a
simplified test flow.
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Figure 3. Test flow.
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2.3. Data Processing
Table 2 lists the parameters used in this study.
Table 2. Summary of research parameters.
Symbol Description
EF; The emission factor of pollutant i, g/km
ER; ¢ The instantaneous emission rate of pollutant i at second t, g/s
Vi The instantaneous speed of the vehicle at second t, km/h
VSP Vehicle specific power, kw/h
m Vehicle weight, t
A Rolling resistance coefficient, kW-s/m
B Rotational resistance coefficient, kW-s2/m?
C Aerodynamic drag coefficient, kW-s3/m3
g The acceleration due to gravity, 9.8 m/s?
a The vehicle acceleration at second t, m/s?
0 The road grade at second t, radians
ERi,]- Average emission rate of pollutant i in VSP Binj, g/s
ERjjn The n-th value of emission i in VSP binj, g/s
Nij The amount of data of pollutant i in VSP j
The formula for calculating the emission factor of HDDPTs is as follows:
3600} ; ER;
BF; — 000k ERyt (1)
L Vi

VSP can represent the driving conditions in an integrated manner and correlates better
with pollutant emission rates than other operating parameters [30]. In this study, the equa-
tions in the MOVES model were used to calculate VSP as shown in the following equation:

A B C
VSP = v+ —v2 4+ f.v3+av+gvsin6 ()
m m m

According to the test vehicle type, A/m, B/m, and C/m are 0.0875, 0, and 0.000331,
respectively [31,32]. 0 is taken as 0 in this study due to the flat terrain in the area where the
test route is located.

The operating mode binning method was used to cluster the VSP data. Based on do-
mestic and international research on the classification of operating modes, and considering
that the speed of the test vehicles in this study does not exceed 80 km/h, 18 bins were
established, including one brake bin, one idle bin and 16 normal acceleration or uniform
speed bins, as shown in Table 3.

Table 3. Classification of operating mode bin.

VSP (KW/t) Vehicle Speed (km/h)
v<1.6 1.6 <v<40 40<v<80

VSP < —4 Binl1 Bin21
—4 <VSP < -2 Bin12 Bin22
—2<VSP<0 Bin0 Bin13 Bin23
0< V5P <2 Deceleration or Binl Bin14 Bin24
2<VSP<4 braking Idle Binl5 Bin25
4<VSP<6 Binl6 Bin26
6 <VSP<8 Bin17 Bin27

VSP > 8 Bin18 Bin28
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Based on the above operating mode binning, the average pollutant emission rate for
different operating mode bins is shown in Equation (3):

Ni,j

ER;
ERjj= Y, ——2* 3)

ni,j =1 i’j

3. Results and Discussion
3.1. Emission Factors of Different Operating Conditions

Studying the emissions under different loads and driving conditions can help to
formulate strategies to optimize vehicle loads and routes. The emission factors of CO,,
CO, NOx and THC under different road operating conditions and load states are shown in
Figure 4, and the detailed values are shown in Table 4. The emission data of comprehensive
operating conditions are obtained by collecting test data of urban, suburban and high-speed
conditions. It can be clearly seen that the emission factors of CO, and NOx change slightly
under different operating conditions. The standard deviation of CO; emission factor is 35.9,
59.2 and 55.8, and the standard deviation of NOx is 0.3, 1.3 and 1.2 for the corresponding
unloaded, half-loaded, and fully loaded conditions. The emission factors of CO and THC
vary greatly under three road operating conditions. Among them, the emission factor of CO
in high-speed operating condition is obviously lower than that in urban and suburban areas.
This may be due to the fact that in the urban and suburban sections, vehicles are affected
by traffic lights, other vehicles, pedestrians, etc., and the road conditions are complex,
resulting in unstable engine operation, which further leads to incomplete combustion of
fuel, generating a large amount of CO; in the high-speed sections, the traffic conditions are
better and fuel is fully burned, which reduces CO emissions [33].
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Figure 4. Emission factors of CO,, CO, NOx and THC.

Except for THC, the emission factors of the other three gases showed an overall trend
of increasing with the increase in load. The growth trend is different under different road
operating conditions. According to the comprehensive operating conditions, CO,, CO and
NOx increased by 39.5%, 105.4% and 22.7%, respectively. The growth rates of CO, and CO
are 23.7% and 85.0% when the vehicle load increases from unloaded to half loaded, which
is greater than the growth rates of 12.7% and 11.0% when the vehicle load increases from
half loaded to fully loaded. On the contrary, the growth rate of NOx emission factor is 7.1%
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and 14.6%, respectively. It can be seen that when the vehicle load exceeds half, the increase
in CO; and CO emissions slows down, and the growth of NOx emissions accelerates.

Table 4. Emission factors of COp, CO, NOx and THC under urban, suburban, high-speed and
comprehensive operating conditions.

Operating

Vehicle Load

o ition %) CO, (g/km)  CO(g/km) NOy (g/km) THC (g/km)
0% 565.3 3.9 105 0.59
Urban 50% 723.5 6.0 126 0.84
100% 856.3 7.9 15.2 0.64
0% 533.7 22 105 0.41
Suburban 50% 635.7 6.5 9.8 0.11
100% 736.0 6.9 122 0.35
0% 620.6 15 112 043
High-speed 50% 779.5 16 12,5 0.09
100% 852.2 2.0 134 0.35
0% 581.7 22 10.8 0.46
Comprehensive  50% 719.8 41 116 0.26
100% 811.4 46 133 0.40

3.2. Emission Characteristics of Different Vehicle Motion States

Emissions are closely related to speed and acceleration [34]. Figures 5-8 bring together
the test data of three operating conditions to analyze the emission characteristics under
different loads. The speed and acceleration are used to reflect the traveling state of the
vehicle per second during the test, and the instantaneous emission rate at that state. Since
99% of the test data have an acceleration between —3 m/s? and 3 m/s?, only the data in
this interval are analyzed. It can be seen from Figures 5-8 that the emission rate of the
test vehicles is mainly concentrated in the acceleration range of —1 m/ s2to1m/s?. The
emission rates of CO,, CO, NOx and THC mainly vary from 0-32 g/s, 0-2.6 g/s, 0-0.5g/s
and 0-0.04 g/s. The high emissions of the four emission gases are mainly distributed in the
middle-high speed (30 km/h-80 km/h) stage with an acceleration greater than zero, while
the emission rates of the four emission gases are lower when the acceleration is less than
zero. Among them, the emission rates of CO and THC are relatively concentrated, and the
proportion of higher emission is very small. On the contrary, the emission rates of CO, and
NOx are dispersed, and the high emission accounts for a certain proportion. Therefore,
consciously reducing the frequency of sudden acceleration during driving is beneficial for
reducing diesel vehicle exhaust emissions [35].

3 3 3
(a). (®) . (© CO, emission rate (g/s)
5] . 5] 2{ 32.00
N N . 17 28.00
o R P Tl 24.00
R = Fa il iyl o R ! L

£ 0] ;_3’ L ry }é.._. N = e | o 20.00
~ g Rl e u| il . 16.00
Y e . - -1 12.00
. L 8.000
2 . . 2 2 4.000
_ _ 0.000

210 0 10 20 30 40 50 60 70 80

—100 10 20 30 40 50 60 70 80 90 —10 0 10 20 30 40 50 60 70 80 90

V (km/h)

V (km/h) V (km/h)

Figure 5. Emission rate distribution of CO, based on speed and acceleration. (a) Emission rate
distribution at unloaded state; (b) emission rate distribution at half-loaded state; (c) emission rate
distribution at fully loaded state.
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Figure 6. Emission rate distribution of CO based on speed and acceleration. (a) Emission rate
distribution at unloaded state; (b) emission rate distribution at half-loaded state; (c) emission rate
distribution at fully loaded state.
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Figure 7. Emission rate distribution of NOx based on speed and acceleration. (a) Emission rate
distribution at unloaded state; (b) emission rate distribution at half-loaded state; (c) emission rate
distribution at fully loaded state.
3 . 3 3
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Figure 8. Emission rate distribution of THC based on speed and acceleration. (a) Emission rate
distribution at unloaded state; (b) emission rate distribution at half-loaded state; (c) emission rate
distribution at fully loaded state.

With the increase in vehicle load, the proportion of high emission rates of CO,, CO
and NOx gradually increases. Taking CO, as an example, the percentage of transients with
emission rate greater than 24 g/s is 0.3% at unloaded, 2.4% at half-loaded and 4.5% at fully
loaded states. The influence of vehicle load increase on THC emission is not obvious. In
the full-load test, there are a series of instantaneous states with an acceleration of about
—1m/s?, and compared with CO and THC, CO; and NOy, emissions are higher in this
transient state. The reason may be that in this state the engine fuel supply is reduced, and
the air—fuel ratio is increased, resulting in higher CO, emissions, while the temperature of
the combustion chamber remains high, which is conducive to the generation of NOx [36].

The vehicle speed is rounded to obtain the emission factor at each integer speed.
Figure 9 shows the scatter plot of emission factors corresponding to each integer speed
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under different vehicle loads and shows the regression analysis to explore the rule of
vehicle emission factors under continuous speed. The research on the correlation between
continuous speed and emission factors was carried out under comprehensive operating
conditions. As shown in the figure, the emission factors of all gases under three load
states decreased with the increase in speed. Specifically, the emission factors of CO,, CO,
NOy, and THC increased significantly when the speed was lower than 10 km/h, and the
maximum emission factors reached 14.2, 41.4, 13.3, and 13.4 times of the average values.
The results are similar to Liu et al.’s study on the characteristics of pollutant emission
factors at the equivalent interval speed [37]. However, in the interval where the speed
changes significantly, the emission factor under fully load state is generally higher than that
under other loads. With the increase in driving speed, the emission factors under the three
load states are gradually close, and the influence of vehicle load on emission is weakened.
Therefore, avoiding low-speed driving (v < 20 km/h) can effectively reduce the emissions
of CO,, CO, NOx and THC [38].
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Figure 9. Correlation between speed and emission factors of CO,, CO, NOx and THC.

The emission factors of CO,, NOx and THC have a strong correlation with the con-
tinuous integer speed, while the correlation of CO is weak. All four emission gases can
be fitted by exponential function, and the formula and R? are listed in Figure 9. Among
them, the R? of CO,, NOy and THC under three load states are all above 0.85, while the
R? of CO fluctuates greatly under different loads. When the vehicle is unloaded, the fit
of CO is only 0.09, while when the vehicle is fully loaded, the fit reaches 0.91. The fitting
curve is a representation of the relationship between speed and emission factors. When R?
is high, the fitting curve can achieve the prediction of the emission factors at any speed for
the same type of HDDTs.

3.3. Characteristics of VSP for Different Vehicle Loads

Based on the comprehensive urban, suburban and high-speed data, Figure 10 shows
the average emission rate changes of the four emissions under different bins, and shows
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that the change rule of the four emissions with the increase in bin under different load
status is basically the same in HDDTs. In the low-speed range (1.6 km/h < v <40 km/h),
the emission rate increases first and then decreases, and in the middle- and high-speed
ranges (40 km/h < v <80 km/h), the emission rate shows an increasing trend. The average
emission rate values produced by the three vehicle loads in deceleration and idling bin
are not considered high. The emission rates of the four emissions in the deceleration and
idling intervals for fully loaded vehicles are significantly higher than those for unloaded
and half-loaded vehicles. However, for different loaded vehicles, the location of the peak
emission rate and the magnitude of the change in emission rate are different.
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Figure 10. Average vehicle emission rate for each micro-operational mode.

Specifically, the emission rates of CO,, NOyx, and THC in the low-speed and medium-
high-speed intervals are more variable, for example, the CO, produced by the unloaded
vehicle has a variation of 17.1% in the low-speed interval, and the variation in the medium-
high-speed interval has a variation of 8.3%. The emission rates of CO,, CO, and NOy in
bin14 to bin18 show a trend of rapid increase followed by rapid decrease. Taking half
load CO; as an example, the emission rate increased by 17.2 g/s from bin14 to bin17
and decreased by 16.4 g/s from bin17 to bin18. THC emission rate varied greatly in the
low-speed interval, and the variation of emission rate in the middle- and high-speed
intervals was small, and the variation of the vehicle was only 1.8% when it was unloaded.
The emission rate of THC under different bins is greatly affected by the vehicle load,
and the distribution of the three-fold lines of THC is more dispersed than that of the
other three emissions. The average relative differences of the emission rates of CO,, CO,
NOy, and THC between the fully loaded and unloaded vehicles are 13.7%, 11.2%, 10.6%,
and —25.5%, respectively. In the low-speed interval, CO,, CO, NOx, and THC generally
achieved the maximum values at bin15, bin16, and bin17 in the three load states. Meanwhile,
comparing the CO,, CO, NOx, and THC at three load conditions in the low-speed range, the
maximum emission rate of the fully loaded vehicle is lower than that of the unloaded and
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half-loaded vehicles. However, when the bin is 23 kW /t or higher, the emission rates of CO,
and NOx under fully loaded are greater than those of unloaded and half-loaded vehicles.

4. Conclusions

This study employed PEMS to measure emissions from diesel pallet trucks over 30 t
under different vehicle loads. The findings reveal that while CO, and NOx emission factors
are minimally influenced by road conditions, CO and THC are significantly affected. Under
combined operating conditions, emission factors for CO,, CO, and NOx increased by 39.5%,
105.4%, and 22.7% from unloaded to fully loaded states, respectively. The emission rates
for CO,, CO, NOy, and THC varied within the ranges of 0-32 g/s, 0-2.6 g/s, 0-0.5 g/s,
and 0-0.04 g/s, respectively. Considering the continuity of speed, the emission factors of
four gases with continuous integer speed can be fitted by an exponential function, and the
relationship between speed and emission factors is further predicted. Higher vehicle loads
correlate with increased emissions, particularly for CO,, CO, and NOx, with speed and
acceleration also playing crucial roles. Meanwhile, the VSP characteristics of HDDPTs were
revealed. In bins 11-18, the emission rates of CO,, CO, NOy, and THC show a trend of
first increasing and then decreasing; in bins 21-28, the emission rate shows a gradually
increasing trend. Reducing vehicle load and maintaining optimal driving conditions are
vital for minimizing emissions from diesel pallet trucks.
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