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Abstract: The selective catalytic reduction (SCR) is the most commonly used technique for decreasing
the emissions of nitrogen oxides (NOx) from heavy-duty diesel vehicles (HDDVs). However, the
same injection strategy in the SCR system shows significant variations in NOx emissions even
at the same operating mode. This kind of heterogeneity poses challenges to the development of
emission inventories and to the assessment of emission reductions. Existing studies indicate that these
differences are related to the exhaust temperature. In this study, an emission model is established
for different source types of HDDVs based on the real-time data of operating modes. Firstly, the
initial NOx emission rates (ERs) model is established using the field vehicle emission data. Secondly,
a temperature model of the vehicle exhaust based on the vehicle specific power (VSP) and the heat
loss coefficient is established by analyzing the influencing factors of the NOx conversion efficiency.
Thirdly, the models of NOx emissions and the urea consumption are developed based on the chemical
reaction in the SCR system. Finally, the NOx emissions are compared with the real-world emissions
and the estimations by the proposed model and the Motor Vehicle Emission Simulator (MOVES).
This indicates that the relative error by the proposed method is 12.5% lower than those calculated by
MOVES. The characteristics of NOx emissions under different operating modes are analyzed through
the proposed model. The results indicate that the NOx conversion rate of heavy-duty diesel trucks
(HDDTs) is 39.2% higher than that of urban diesel transit buses (UDTBs).

Keywords: HDDVs; NOx emission; urea-SCR; exhaust temperature model; operating modes

1. Introduction

The oxides of nitrogen (NOx) emitted from heavy-duty diesel engines are considered to be
important sources of atmospheric pollution [1]. A urea-selective catalytic reduction (SCR) system is
used to reduce the NOx emissions from heavy-duty diesel engines [2] by injecting urea at a sufficiently
high exhaust temperature (generally at 200 ◦C) [3]. At present, the urea injection strategy of the SCR
system for heavy-duty diesel vehicles (HDDVs) is designed based on the European transient cycle (ETC)
and the European steady-state cycle (ESC). However, for different source types of vehicles equipped
with the same engine and SCR system, the operating modes could be significantly different [4–7].
As shown in Figure 1 (the data is the field operational data of Beijing heavy-duty buses and heavy-duty
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trucks collected in 2018 using GPS), urban transit buses frequently operate at a lower speed range than
heavy-duty trucks, while heavy-duty trucks run fairly smoothly at a high-speed range.
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The differences in operating modes for different source types of HDDVs result in the uncertainty
of the emissions estimations. For the HDDVs equipped with SCR systems, the NOx emissions are
affected by the temperature of the exhaust gas [8]. Even for the same operating speed or vehicle
specific power (VSP), there is a significant variation in NOx emissions caused by the different exhaust
gas temperatures. However, current studies about NOx emission estimations do not consider the
temperature of the exhaust gas, and the emission rates are directly calculated using the field data,
which leads to an inaccuracy of the emissions measurement.

In order to accurately calculate NOx emissions of HDDVs, it is necessary to understand the
working mechanism of the SCR system. For HDDVs, the preferred reductant is typically an aqueous
solution of nontoxic urea, which is decomposed to ammonia (NH3) to convert the NOx to nitrogen [9,10].
Vanadia-SCR for mobile applications was introduced in Europe with the implementation of the Euro-IV
and Euro-V legislation [11,12]. The efficiency of SCR systems based on vanadia catalysts is quite
high, in the range of 90–95% [13]. The emission standards in China are consistent with the standards
in Europe, and vanadia-SCR is widely used in HDDVs of China. The injection strategy of urea for
Chinese HDDVs is designed based on ETC and ESC.

Recent studies have presented that the conversion efficiency of NOx is highly dependent on
the temperature [3]. With the increase of temperature, the conversion rate first rises and then falls.
The reaction generally starts at 200 ◦C and reaches a maximum conversion rate at 350 ◦C [14,15].
When the exhaust gas temperature is less than 200 ◦C, the urea decomposition reaction can generate
byproducts as deposits on the inner wall of the SCR, which are hard to remove [16]. To avoid this
problem, the urea injection generally starts when the gas temperature is higher than 200 ◦C. The NOx
conversion rate of the heavy-duty diesel engine is tested, as shown in Table 1 and Figure 2 [17].

Table 1. Nitrogen oxides (NOx) conversion rate of a heavy-duty truck at different temperatures.
(NH3/NOx = 1, Space velocity = 20,000 h−1) [17].

Temperature (◦C) 150 175 200 225 250 300 350 400 425 450

NOx Conversion (%) 8.53 21.93 45.79 70.46 88.96 94.32 94.59 91.37 87.09 78.23
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In addition to the exhaust temperature, the molar ratio of the injected urea to inlet NOx (i.e.,
NH3/NOx ratio) and the space velocity (the reciprocal of the urea residence time in SCR system) have
certain impacts on NOx conversion rate [18,19]. It requires sufficient NH3 present on the catalyst
to reduce all NOx, but the excessive NH3 is discharged into the ambient air to form ammonium
nitrate salts, which are important constituents of undesirable particulate matter [20,21]. Previous
studies [19,22] found that when the NH3/NOx ratio is 0.8, the maximum NOx conversion rate is
maintained at 50%, because NH3 is not sufficient to convert the exhaust NO to N2 through a standard
reaction. The NH3/NOx ratio has little effect on conversion efficiency of NOx when the reaction
temperature is lower than 250 ◦C [23]. As the NH3/NOx ratio increases from 1.2 to 1.4, the maximum
conversion of NOx into N2 is close to 100%, and the differences of the conversion rate between them is
not significant. In addition, the space velocity is determined by the measured flue gas flow and the
surface volume of the catalytic reactor. For a given gas concentration, the NOx removal efficiency
increases when the space velocity decreases [18].

Based on the working mechanism of the SCR system, it could be found that the urea injection
strategy of Urea-SCR systems for HDDVs are designed according to ETC and ESC. It causes great
differences in NOx emissions for different source types of HDDVs between the field operating modes
and the typical working conditions. Deng [24] found that the NOx conversions of experimental diesel
engines are 65.9% under ESC conditions and 67.8% under ETC test conditions. Wu [25] found that
although the emission standard became more stringent from Euro II to Euro IV, there was no statistically
significant improvement of NOx emission factors (EFs) for urban buses. Guo [26] found that the NOx
emissions of Euro IV diesel transit buses are close to the emissions of Euro III. A previous study [27]
found that the NOx emissions are effectively reduced in HDDTs, and the NOx emissions reduction are
negligible in diesel transit buses, as shown in Figure 3.
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Figure 3. The NOx emission rates from different source types of heavy-duty diesel vehicles (HDDVs)
at the inlet and outlet of the selective catalytic reduction (SCR) system. (a) NOx emission rates of a
heavy-duty diesel truck (HDDT) at the inlet and outlet in the SCR system. (b) NOx emission rates of a
transit bus at the inlet and outlet in the SCR system. [27]

The differences of operating modes for different source types of HDDVs lead to significant
variations of NOx emissions. In order to predict vehicle emissions more accurately for different source
types of vehicles, many researchers have studied the field operating modes. Li [28] developed a
binning method based on massive field data to improve the operating mode binning for transit buses,
and the relative errors in estimating emissions using the proposed method was lower than those using
the Motor Vehicle Emission Simulator (MOVES) method. Alam [29,30] observed significant differences
between locally derived operating mode distributions and MOVES default distributions for the same
average speeds of transit bus, and emissions derived using their locally developed operating mode
distributions were improved.

The above studies indicate that there are significant variations in NOx emissions for the same
operating speed or VSP under different operating modes, and the exhaust temperature is an important
factor for the emission differences. However, current studies are unable to accurately evaluate NOx
emissions from vehicles equipped with the SCR system based on field operating modes. The main
reason is the lack of an exhaust temperature model based on field operating conditions. Therefore, the
objective of this study is to establish an accurate calculation method for NOx emissions based on the
temperature of the exhaust gas. It could be used to evaluate NOx emissions in different operating
modes according to the real-world vehicle trajectories. In addition, the improvement measures of
the SCR system are proposed in this study by optimizing the device design and adjusting the urea
injection strategy.
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2. Data and Methodology

In order to develop the temperature-based NOx emission models for the SCR system, the
methodology includes the following steps.

1. Collect the field data of vehicle trajectories, emission rates and exhaust temperatures.
2. Develop the temperature model of the exhaust gas based on the VSP distributions and the

temperature loss coefficient.
3. Establish the accurate models for calculating the consumption of urea and NOx emission.

2.1. Data Sources

Three field data sources were used in this study, including the second-by-second vehicle activity
data of transit buses and heavy-duty trucks, the NOx emissions from the HDDVs that do not have the
SCR system, and the second-by-second data of the exhaust temperature. The second-by-second vehicle
activity data was used to analyze NOx emission characteristics under different operating conditions
according to the proposed model. The NOx emissions were used to obtain the average emission rates.
The exhaust temperature was used to establish the relationship between the exhaust temperature and
the VSP.

Massive vehicle activity data of HDDVs were collected in Beijing using portable GPS devices,
Garmin GPS18 and Columbus V900 GPS. Over 20.5 million records of second-by-second data were
collected from 2015 to 2018 by Beijing Jiaotong University.

The VSP emission rates of NOx pollutants were derived from an emission database in Beijing
Jiaotong University. The vehicle emission data was collected with the PEMS instrument (Maha PEMS).
A total of over 300,000 second-by-second records of NOx emissions from HDDVs without SCR systems
and the corresponding vehicle speed were collected. The data collection was mainly concentrated on
the following models, and the specific information of the models is shown in the Table 2.

Table 2. Basic information of the models for emission rate data collection.

ID Maker Model Model
Year

Vehicle
Type

Emission
Standard

Curb Weight
(kg)

Engine
Size (L)

1 Dongfeng DFL5253XXYAX1B 2015 HDDTs Euro IV 10,875 6.7
2 Dongfeng LZ5250XXYM5CA 2015 HDDTs Euro IV 9920 6.7
3 Dongfeng DFL1253AX1A 2016 HDDTs Euro IV 11,280 6.7
4 Futian BJ3255DLPJB-7 2015 HDDTs Euro IV 11,905 6.75
5 Futian BJ3255DLPHH-FA 2015 HDDTs Euro IV 11,405 6.5
6 Futian BJ1255VNPHE-5 2016 HDDTs Euro IV 8050 6.7
7 Futian BJ6105CHEVCG 2015 UDTBs Euro IV 11,050 6.5
8 Futian BJ6931C6MHB 2016 UDTBs Euro IV 8200 6.5
9 Yutong ZK6120CHEVPG21 2015 UDTBs Euro IV 11,500 6.5

10 Yutong ZK6126CHEVG2 2015 UDTBs Euro IV 12,500 6.5

The exhaust temperature at the SCR inlet was obtained by using the on-board diagnostic (OBD)
device. The data included 171,695 records of second-by-second temperature, collected from four
HDDTs. The data is collected from October 27, 2017 to October 30, 2017. Details of the test vehicles are
shown in the Table 3. All analyses in the manuscript were based on this type of engine.
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Table 3. Basic information on models for temperature data collection.

Maker Model Model Year Emission Standard Curb Weight Engine Size Engine Model

Futian BJ1255VNPHE-5 2016 Euro IV 8050 kg 6.7 L CA6DF4-18E4

Cylinders Valve Train Engine Dimensions Torque (Max) Output Power (Max) Horse Power (Max) Engine Form

6 2 1330 × 970 × 1005 mm 680 Nm 135 kW 180 hp

Turbocharged
Intercooled, direct

injection, inline,
electronically

controlled common
rail

SCR system Model Inlet tube inner
diameter Type Wall thickness Injection angle Bundling method

BOSCH-DeNOx2.2 WP12-612640130119 123 mm Box side inlet 2 mm 30◦ Strap binding
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2.2. Emission Rate Model Based on VSP

In order to determine the inlet concentration of NOx, the NOx emission rate model was established.
The average emission rates (in the unit of g/s) of transit buses and HDDTs were calculated by employing
the VSP binning method. The VSP was calculated based on the instantaneous speed and acceleration,
as shown in Equation (1) [31].

VSP =
Av + Bv2 + Cv3 + mva

f
(1)

where,

v = vehicle speed (m/s),
a = vehicle acceleration (m/s2),
A, B, C, m and f = constants that take different values according to the type of vehicles. The values of A,
B, C, m and f from this study are displayed in Table 4 [32].

Table 4. Calculation parameter values of vehicle specific power (VSP).

Vehicle Types A B C m f

Transit bus 1.0944000 0 0.00358702 16.556 17.1
Heavy-duty truck 1.4170500 0 0.00357228 20.6845 17.1

The VSP values were classified into various bins defined by an equal interval of 1 kW/t, as shown
in Equation (2). The VSP distribution, and the frequency of VSP in each bin, was obtained in every
speed bin [31].

∀ : VSP ∈ [i− 0.5, i + 0.5], VSP Bin# = i, (i is an integer from − 20 to 20) (2)

The average emission rates were calculated using the Equation (3).

ERi =

N∑
n=1

ERin

N
(3)

where,

ERi average emission rates of VSP bin i,
ERin = measured emission value (VSP = i),
N = the amount of data (VSP = i).

2.3. Temperature Model for Exhaust Gas Based on VSP

The exhaust temperature is the decisive factor affecting NOx emissions for vehicles equipped
with the SCR system [19]. In order to accurately predict NOx emissions of HDDVs, the relationship
between the field operating modes and the exhaust temperature should be analyzed. In this study, the
exhaust temperature model was established according to the VSP and the heat loss coefficient, and the
accuracy of the model was validated.

2.3.1. Temperature Model Development

The temperature in the SCR system was determined by two factors, including the input heat
generated by the engine with the exhaust entering the SCR and the output lost heat from the SCR
system. Regarding the first factor, Song [33] found that the time distribution in VSP bins can well
represent the fuel consumption per unit of time. According to the law of conservation of energy, the
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fuel consumption is proportional to the amount of heat generated. This indicates that higher VSP
values mean higher engine powers, which means more fuels burned, and further, means a higher
input heat to the SCR system. Therefore, the temperature generation is a function of VSP, as shown in
Equation (4). In this equation, the exhaust temperature generation is a constant when VSP is less than
or equal to zero, and it is proportional to VSP when VSP is greater than zero. For the second factor, the
lost heat from the SCR system is determined by the temperature difference of the physical system of
the interaction and the heat transfer coefficient [34]. The vehicle speed affected the flow velocity of
the air outside the device, and the rate of the heat loss is further affected. The amount of temperature
lost is a function of the temperature difference and the vehicle speed, as shown in Equation (5). The
exhaust temperature is a cumulative amount, which is related to the operating state of the vehicle in
the previous second. Therefore, it is not possible to study the exhaust temperature of a certain moment
separately. The exhaust temperature model is developed considering the temperature generation,
temperature loss, and temperature in the last second, as shown in Equation (6).

Tgenerate = a + b×VSP (4)

Tloss = h× (Tinside − Toutside) × ecv (5){
T0 = Toutside
Tn = a + b×VSPn − h× (Tn−1 − T0) × ecvn + Tn−1

(6)

where,

Tgenerate = amount of temperature generation (◦C),
a, b, h and c = coefficients,
Tloss = amount of temperature loss (◦C),
Tinside = temperature inside the SCR (◦C),
Toutside, T0 = ambient air temperature (◦C),
v = vehicle speed (m/s),
Tn = exhaust temperature for the nth second (◦C),
VSPn = VSP for the nth second (if VSPn ≤ 0, take VSPn = 0),
Tn−1 = exhaust temperature for the (n-1)th second (◦C), and
vn= vehicle speed for the nth second (m/s).

In order to calibrate the parameters a, b, h and c, the second-by-second temperature and speed
data of two heavy-duty trucks were selected. There were a total of 10,023 records from 18:44 to 21:31
on October 29, 2017 for one truck, and a total of 13,519 records from 04:16 to 08:02 on October 29, 2017
for the other one. It should be noted that the ambient air temperature was not consistent due to the
different collecting time, thus the ambient air temperature (T0) was set differently for the calibration.
Using MATLAB, the values of a, b, h and c were calibrated according to the genetic algorithms. In the
algorithm, VSPn, Tn−1 and vn were input as independent variables, and Tn was input as the dependent
variable. The maximum evolutionary algebra of genetic algorithm was adjusted, and the parameters
(a, b, h and c) were output when the coefficient of determination (R2) was greater than 90%. The results
were 1.625, 0.395, 0.0135 and 0.040, respectively. The predicted temperature was compared with the
field temperature, as shown in Figure 4. The predicted temperature was the result of a calculation using
the temperature model established in this manuscript. The field temperature was the temperature data
that was actually collected.
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2.3.2. Validation of Exhaust Temperature Model

Two heavy-duty trucks that were excluded in the parameter calibration were selected for the
validation. The 17,765 records were selected from the first vehicle, and the second-by-second data
from 17:57 to 20:52 was selected from another vehicle. Based on the correlation analysis, the predicted
temperature linearly correlated with the field temperature, and the goodness of fit (R2) was 0.95 and
0.97, as shown in Figure 5. The average absolute error percentage was 5.3%. It was shown that
the proposed temperature model was reasonable and reliable, and was capable of representing the
real-world situation.
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2.4. Models of NOx Emissions and Urea Consumption

The analysis of NOx emissions and the urea consumption was completed in two steps. Firstly,
the reaction mechanism of urea and NOx was analyzed. Secondly, the models of NOx emissions and
the urea consumption were developed based on the analysis of the emission rate model, influencing
factors of NOx conversion rate and the temperature model.

2.4.1. Working Principles of Urea SCR

Commercial SCR systems employed in heavy-duty trucks are based on aqueous 32.5% urea
solution, which hydrolyzes to release ammonia in the hot exhaust gas system. Urea is converted
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into ammonia by three steps: evaporation, decomposition and hydrolysis, as shown in the following
equations [15]:

(NH2)2CO(liquid) → (NH2)2CO(gas) (7)

(NH2)2CO→ HNCO + NH3 (8)

HNCO + H2O→ NH3 + CO2 (9)

After a series of reactions, the NH3 comes into contact with the NOx and reduces it to N2 and
H2O. Since NOx includes both NO and NO2, the overall reactions with NH3 are as follows [15]:

4NO + 4NH3 + O2 → 4N2 + 6H2O (10)

NO + NO2 + 2NH3 → 2N2 + 3H2O (11)

6NO2 + 8NH3 → 7N2 + 12H2O (12)

Since the NOx emissions from the diesel engine consist of approximately 90% NO and only 5–10%
NO2, the reaction in Equation (10) is the predominant reaction. Ideally, about one mole of NH3 is
required to remove one mole of NOx.

2.4.2. Models of NOx Emission and Urea Consumption

The models for NOx emissions and the urea consumption were established upon the NOx emission
rate model and the temperature model. The NOx emission rate model was used to estimate the NOx
concentration at the inlet of the SCR system under different operating modes. The relationship between
the exhaust temperature and the conversion rate of NOx was defined, in which the NH3/NOx ratio
and the space velocity were included. Taking the exhaust temperature as the medium, the model of
the urea consumption and NOx emissions was built, as shown in the following equations.

QNH3 =
MNH3

MNOx

× ERNOx × fa × fs × fp (13)

QUrea =
1
2
×

MUrea

MNOx

×QNH3 ÷ 32.5% (14)

ERm = ERNOx × (1− η×Ca ×Cs ×Cp) (15)

where,

QNH3 = quantity demanded of NH3 (g/s),
MNH3 = molar mass of NH3 (g/mol),
MNOx = molar mass of NOx (g/mol),
ERNOx = NOx emission rates (g/s),
fa = NH3/NOx ratio at different temperature intervals based on standard condition (space velocity =

20,000 h−1),
fs = correction coefficient of space velocity to urea injection rate,
fp = correction coefficient of vehicle physical properties to urea injection rate,
QUrea = quantity demanded of urea (g/s),
MUrea = molar mass of urea (g/mol),
ERm = emission of NOx (g/s),
η = NOx conversion rate at different temperature intervals based on standard condition (NH3/NOx =

1, Space velocity = 20,000 h−1),
Ca = correction coefficient of NH3/NOx ratio (urea injection rate) to NOx conversion,
Cs = correction coefficient of space velocity to NOx conversion,
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Cp = correction coefficient of vehicle physical properties to NOx conversion.

Three points should be noted when using the model to calculate urea consumption. Firstly, the
most reasonable NH3/NOx ratio (fa) is different in different temperature intervals. According to the
effect of reaction temperature on NOx conversion, the initial temperature of the urea injection is set
to 180 ◦C. When the NH3/NOx ratio is greater than 1.2, the effect on the conversion of NOx is not
significant. When the temperature is more than 300 ◦C, the ratio of 1.2 is the most suitable. The molar
ratio of injected NH3 to the inlet NOx is 0.8, 1.0 and 1.2 respectively when the reaction temperatures
are 180 ◦C to 220 ◦C, 220 ◦C to 300 ◦C and greater than 300 ◦C. Secondly, the coefficient of correction
for space velocity (fs) is set to a standard when the space velocity is 20,000 h−1. The space velocity
changed with operating modes. In this study, coefficient of correction for space velocity was 1, because
of lack of data to study the relationship between vehicle operating modes and space velocity. Thirdly,
correction coefficient of vehicle physical properties to urea injection rate (fp) is set based on the model
of this manuscript. In this study, correction coefficient of vehicle physical properties to urea injection
rate (fp) was 1.

Some points should be explained when using the model to calculate NOx emissions. The NOx
conversion rate (η) is calculated according to the temperature under standard conditions [17].
The standard condition is that the vehicles in the manuscript has a state in which the space velocity is
20,000 h−1 and NH3/NOx ratio is 1. The correction coefficient of urea injection rate (Ca) is determined
based on the difference in NH3/NOx ratio at different temperature ranges [22]. The values of parameters
Cs and Cp are both 1.

3. Results

In order to investigate the improvement of NOx emission estimations by the proposed method,
the emissions were compared to the real-world data and the estimations by the predicted model and
MOVES. The MOVES method does not consider the effect of exhaust temperature on emission. The NOx
emission data of five transit buses in the real-world were calculated, and the specific information of
the models was shown in the Table 5. The total emissions were calculated for each trajectory using
Equation (16).

TENOx =
M∑

m=1

ERm (16)

where,

TENOx = total emission from NOx (g), and,
ERm = NOx emission in the mth second (g/s).

Table 5. Basic information of the models for emission data collection.

Maker Model Model Year Vehicle
Type

Emission
Standard

Curb
Weight (kg)

Engine Size
(L)

Futian BJ6105CHEVCG 2015 UDTBs Euro IV 11050 6.5

The proposed method resulted in a better performance than the MOVES method. Relative errors
related to NOx emissions using the proposed method for each vehicle were reduced by 24.0%, 13.1%,
6.5%, 2.3% and 16.2%, as shown in Figure 6. The proposed method can substantially improve the
accuracy of emission estimates for transit buses because the method is based on the temperature
in calculating conversion rates to determine the NOx emissions. In this model, PEMS instrument
(Maha PEMS) was used to collect NOx emissions from vehicles not equipped with SCR systems
as NOx concentrations at the inlet of the SCR system, and an emission rate database at different
VSP bins was established. The NOx emissions at the outlet of the SCR system were calculated in
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conjunction with the field operating data of the vehicles and the established temperature model.
Therefore, the NOx emissions were calculated accurately according to the temperature model by
acquiring the second-by-second speed data of a certain vehicle. However, the traditional model directly
obtained the NOx emissions at the exhaust pipe outlet of vehicles equipped with SCR systems using
PEMS instruments and established a database of emission rates under different VSP bins. Then, the
NOx emissions of other vehicles were directly calculated based on the second-by-second speed data,
regardless of the effect of temperature on emissions. Significant differences of operating conditions
between the predicted vehicle and the test vehicle were observed, which resulted in the temperature
variation corresponding to the same VSP. This lead to the difference in NOx emission rates and total
emissions. Therefore, the traditional model leads to an inaccurate evaluation of NOx emissions from
the HDDVs equipped with the SCR system.
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4. Discussion

To illustrate the impact of different operating conditions on NOx emissions, the second-by-second
speed data of 14 HDDTs and six urban diesel transit buses (UDTBs) having the same engine type
as above were collected. The emission rates of NOx were calculated using the model proposed in
this study.

4.1. NOx Emission Characteristics of Transit Buses under Different Operating Modes

Three UDTBs were operating in the urban area, while others were operating in the suburbs.
The average EFs of transit buses were grouped into speed intervals with an interval of 5 km/h, as shown
in Figure 7. It was shown that the average conversion rate of NOx was 11.3% different. The average
EFs of urban buses were found to be higher than the EFs of suburban buses, especially in the low-speed
range. In order to reflect the impact of operating conditions on emissions, the trajectories of buses were
selected for the mapping analysis. As shown in Figure 8, the idling time for buses operating in the
urban area was due to the stops at intersections and stations. The exhaust temperature did not reach
the minimum requirement of the urea injection. For the buses in the suburbs, the exhaust temperature
was always higher than the window of the urea injection due to the short duration of the vehicle in the
low-speed range.
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4.2. NOx Emission Characteristics of HDDTs under Different Operating Modes

In order to analyze the NOx emission characteristics of HDDTs under different operating modes,
four HDDTs operating in restricted access and others operating in unrestricted access were analyzed.
The total emissions of each trajectory were grouped into speed intervals with an interval of 10 km/h,
as shown in Figure 9. At the low-speed interval, the difference of average conversion rate of NOx
was 13.1% under different operating modes. The average EFs of HDDTs operating in restricted access
were higher than the EFs of HDDTs operating in unrestricted access. At the high-speed interval, the
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difference of average conversion rate of NOx was 4.2%. Then, the average EFs of HDDTs operating in
restricted access were lower than the EFs of HDDTs operating in unrestricted access. In order to explain
the differences, trajectories of HDDTs were studied, which are shown in Figure 10. In the low-speed
interval (0–50 km/h), the acceleration and deceleration of the HDDTs operating in unrestricted access
were drastic. However, the vehicles were rarely in an idle state. The residence time of the vehicle was
shorter, which means a smaller drop of the exhaust temperature, and a lower NOx emission. The cold
starts and long idling time of HDDTs operating in restricted access lead to higher EFs than HDDTs
operating in unrestricted access. At the high-speed interval (>50 km/h), the operating conditions of the
HDDTs operating in unrestricted access were unstable and the temperature fluctuation was dramatic.
The HDDTs operating in the restricted access ran smoothly, and the exhaust gas was kept at a high
temperature, which lead to lower NOx emissions the HDDTs operating in the unrestricted access.

As shown in Figure 11, for the transit buses, the NOx conversion rate was 15.9% for the vehicles
operating in urban area, while it was 40.6% for the vehicles operating in suburban area. For the HDDTs,
the NOx conversion rate was 60.3% for the vehicles operating in the unrestricted access, while it was
74.6% for the vehicles operating in the restricted access. The average conversion rate of HDDTs was
39.2% higher than transit buses.
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5. Conclusions

The temperature is a critical factor for the NOx emissions of vehicles equipped with the SCR
system. By using VSP as the explanatory parameter, a temperature model is proposed by modeling the
input and output heat of the SCR system. Additional NOx conversion rate and NOx emission models
are developed based on the temperature model. Several findings are summarized as follows:

1. VSP is an appropriate parameter for modeling the temperature of the SCR system in different
operating modes. The proposed model is capable of predicting the SCR temperature, in which
the goodness of fit (R2) is 0.97.

2. The NOx emission model established based on the temperature can accurately predict the NOx
emission for different operating modes. The average relative error in estimating NOx emissions
by the proposed method is 12.5% lower than those by the traditional method.

3. The NOx emissions and urea injection from vehicles equipped with the SCR system show a
significant variation in difference, even in the same operating modes. In this case, for transit buses,
the average EFs of urban buses are higher than the EFs of suburban buses at the same speed
interval. For HDDTs, the average EFs of the restricted access are higher than the unrestricted
access at the low-speed interval, which are the opposite at the high-speed interval. The average
conversion rate of HDDTs is 39.2% higher than transit buses.
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The proposed method in this study is able to accurately predict the NOx emission. Furthermore,
it might be helpful to fine tune the SCR system for different source types of vehicles. For transit
buses, especially those operating in urban area, it is useful to reduce the initial temperature of the urea
injection and increase the insulation material of the SCR system due to their complex and variable
operating modes. For HDDTs, due to their favorable operating modes, the exhaust gas is in a high
temperature state for a long time. Therefore, the injection of urea solution should be appropriately
increased according to the NOx emission.
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