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ABSTRACT: Exhaust gas recirculation (EGR) and selective
catalytic reduction (SCR) are crucial technologies for mitigating
nitrogen oxide (NOx) emissions in diesel engines. Although EGR
reduces engine outlet NOx emissions, it simultaneously increases
diesel consumption, leading to a poor economic performance. SCR
requires AdBlue consumption; thus, striking the right balance for
overall engine economy is of utmost importance. This study aims
to evaluate NOx emission control and fluid cost in diesel engines.
The total fluid cost of the diesel engine includes diesel and AdBlue.
The engine is equipped with an aftertreatment system comprising a
diesel oxidation catalyst (DOC), diesel particulate filter (DPF),
selective catalytic reduction (SCR), and ammonia slip catalyst (ASC). The study was carried out at 1600 and 2100 rpm (25, 50, 75,
and 100% load). The results show that with the increase of EGR valve opening, the exhaust temperature increased, the brake-specific
fuel consumption (BSFC) increased, and the NOx emission decreased. With the increased AdBlue dosage, the NOx conversion
efficiency gradually improved, ultimately approaching near-zero NOx emissions. However, as NOx emissions decreased, the
equivalent diesel fluid cost rose. At 1600 r/min (100% load), when the NOx emissions were reduced by zero, the maximum fluid
costs were 235, 223, and 218g/(kW·h) under the AdBlue/diesel price ratios of 1/1, 1/2, and 1/3, respectively. As the AdBlue/diesel
price ratio decreases, the influence of EGR on the fluid cost diminishes. Coordinated control of EGR and AdBlue allows for reduced
NOx emissions while mitigating the overall cost of diesel engines and aftertreatment systems. This research provides valuable
guidance for EGR and urea control in diesel engines and contributes to the field of diesel engine emission control.
KEYWORDS: diesel, emission, EGR, SCR, AdBlue, NOx, temperature

1. INTRODUCTION
Diesel engine is the main power of road transportation,
nonroad mobile machinery, and national defense equipment in
the world.1,2 However, diesel engines produce a large number
of pollutants, including HC, CO, NOx, and PM, which will
cause great harm to the environment and human health.3−6 In
order to solve these exhaust pollutants, diesel engine adopts a
series of emission control technology, mainly including EGR
(for NOx reduction), DOC (for CO and HC reductions), DPF
(for PM reduction), and SCR (for NOx reduction).

7−9 AdBlue
is a urea aqueous solution, also known as diesel exhaust fluid
(DEF), which is usually composed of 32.5% urea and 67.5%
water. At present, advanced postprocessing technologies
mainly include ccSCR (close-coupled selective catalytic
reduction)+DOC+DPF+SCR+ASC,10 electric heating tech-
nology,11 and solid SCR technology,12 all of which are used to
solve low-temperature NO emissions.

Among these pollutants, the most difficult to control is NOx
emissions but also the current diesel engine emission control
technical difficulties.13−15 Many scholars have done a lot of
research on NOx emissions and also proposed a variety of
efficient technologies to reduce NOx emissions. Wang et al.16

used variable nozzle turbocharging technology VNT and EGR
coupling technology to reduce NOx emissions in a plateau
environment. Park et al.17 proposed a dual-loop exhaust gas
recirculation (EGR) system combining the characteristics of
high-pressure (HP) and low-pressure (LP) systems to improve
diesel engine combustion and NOx emission performance.
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Shiyu et al.18 used a close-coupled selective catalyst reduction
(ccSCR) technology to achieve ultralow NOx emissions. The
results show that the NOx emission of the composite tail pipe
was reduced to 0.027 g/(kW·h) under the FTP cycle, which
can meet the California Air Resources Board (CARB) ultralow
NOx emission regulations. Zhang et al.19 used a high-pressure
selective catalytic reduction (HP-SCR) system arranged in
front of the turbine, which is suitable for high-power marine
low-speed engines and can effectively reduce nitrogen oxide
emissions. However, the HP-SCR reactor will cause an
increase in engine exhaust back pressure, affecting its
performance and brake-specific fuel consumption (BSFC).
Liu and Tan12 studied the experimental study of solid SCR
technology to reduce NOx emissions from diesel engines. The
results show that based on the same ammonia−nitrogen ratio
setting, the World Harmonized Steady Cycle (WHSC) NOx
conversion efficiency is improved by 3.3% and the World
Harmonized Transient Cycle (WHTC) NOx conversion
efficiency is increased by 4.5%. Nie et al.20 studied the effect
of exhaust thermal management on NOx emission. The results
showed that NOx conversion efficiency was improved by intake
or exhaust throttling or post injection at any altitudes. Lou et
al.21 studied the effect of EGR combined with SCR on the
NOx emission characteristics of a heavy-duty diesel engine
based on the engine bench test. The results showed that the
NO reduction rate of EGR-coupled SCR increased with the
increase of the engine load, and the effect was no longer
significant when the NO reduction rate exceeded a certain
limit under the same working conditions.
Although there are many technologies to reduce NOx

emissions, EGR and SCR technologies are the most widely
used and mature key technologies to solve NOx emissions.
One is the internal purification technology, and the second is
the external post-treatment technology. Domestic and foreign
scholars have done a lot of work on EGR and SCR technology
research. Ju et al.22 conducted a related study using GT-
POWER one-dimensional simulation software, and the results
showed that the use of EGR decreases diesel engine dynamics,
economy, and NOx emissions and delays the moment of
ignition and decreases boost pressure under some operating
conditions. Mohiuddin et al.23 investigated the effect law of
EGR on diesel engine performance through bench tests, and
the results showed that the NOx and carbon soot trade-off
relationship varied more significantly with EGR rate when the
compression ratio was higher and was more pronounced at low
and medium loads than at high loads. Kumar et al.24 studied
the effect of EGR on diesel engine emission performance by
ANSYS 3D simulation software and found that NOx emission
decreases while CO2 emission increases with increasing EGR
rate, so carbon traps were designed to reduce NOx and CO2
emissions simultaneously with EGR. Kumar et al.25 studied the
matching of EGR with the post-treatment system exper-
imentally and showed that EGR can be well matched with DPF
or SCR respectively at EGR rates of 10−20% and EGR can be
well matched with DPF+SCR at the EGR rate of 10%. Cheng
et al.26 studied the effect law of EGR on the performance of
low-load diesel engine by bench test and found that as the
EGR rate increases, the maximum in-cylinder burst pressure
and heat release rate decrease and the average in-cylinder
temperature decreases; when the EGR rate is low, the smoke
increases with the increase of EGR rate, while with the further
increase of the EGR rate, the smoke emission decreases and
the CO and HC emissions increase rapidly. Zhang et al.27

designed a system in which the EGR gas component enters the
cylinder simultaneously with oxygen, and the incoming oxygen
with EGR can reduce both NOx and carbon soot emissions
from diesel engines.
For the study of urea injection, Mehregan and Moghiman28

designed an experimental scheme using an orthogonal method
to investigate the effect of different urea injection parameters
on the SCR conversion efficiency of biodiesel engines, and the
results showed that increasing the urea concentration, urea
injection volume, and urea injection angle can effectively
reduce NOx emissions, while the orthogonal test design
variance indicated that the urea concentration and urea
injection volume were the most significantly influential
parameters. Diao et al.29 conducted a study on the perform-
ance of diesel SCR urea pumps through bench tests, and the
results showed that as the urea injection volume increased, the
NOx conversion efficiency increased and NOx emissions
downstream of SCR decreased significantly, but when the
urea injection volume increased to a certain level, it caused a
significant increase in ammonia escape. Tan et al.30 conducted
an experimental study of selective catalytic reduction failure at
low ammonia-to-nitrogen ratios and their urea injection
deficiency test results showed that as the urea injection
increased, the ammonia-to-nitrogen ratio increased and the
NOx conversion efficiency rose, but ammonia leakage also
increased.
For the study of SCR temperature, Qiu et al.31 carried out

the temperature characteristic test of the inlet and outlet of the
SCR system on the bench and arranged the SCR carrier
temperature sensor to collect the temperature, which provided
data support for the subsequent Matlab/Simulink modeling.
Schönebaum et al.32 studied the effect of the LNT-SCR
combined system on ammonia storage and NOx emissions and
the five thermocouples (K-type) in each catalyst to study the
temperature distribution of the entire catalyst.
From the above research, it mainly focuses on the influence

of EGR on the power, economy, emission, and combustion
performance of diesel engine, as well as the influence of key
parameters of the urea injection system on the performance of
the SCR system. However, there are few studies on the
influence of EGR coupling urea injection amount, SCR carrier
temperature, and NOx emissions.
The purpose of this paper is to analyze the NOx emission

capacity and the total cost of the diesel engine under different
EGR and AdBlue. The effects of EGR valve opening and
AdBlue rate on the engine air flow rate, air−fuel ratio (AFR),
exhaust temperature, NOx emissions, the fuel consumption,
SCR carrier temperature, NOx conversion efficiency, and the
total cost of diesel engine were comprehensively studied. By
analyzing the effects of different EGR and AdBlue on the
engine and SCR, the final coupling was to solve the final NOx
emissions, so as to achieve the best economic performance.
This research work can provide guidance for EGR control and
urea control of diesel engine.

2. EXPERIMENTAL SETUP AND METHODS
2.1. Testing Equipment. The test engine was a four-

cylinder high-pressure common-rail diesel engine equipped
with an exhaust gas recirculation (EGR) system. Its main
technical parameters are listed in Table 1. The main
instruments in the test included an FEV measurement and
control system, an FEV dynamometer, an FEV air flow rate
meter, an FEV fuel consumption meter, and two Horiba
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emissions analyzer. Figure 1 shows the engine testing layout
diagram. Figure 2 shows the test bench diagram. The primary

characteristics of the measurement instruments are listed in
Table 2. The engine was equipped with a DOC+DPF+SCR
+ASC exhaust aftertreatment system, and the catalyst
parameters are shown in Table 3.
2.2. Experiment Method. 2.2.1. Engine Operating

Conditions Selected. 1600 and 2100 r/min (25, 50, 75, and
100% load, the corresponding torque was 350, 262.5, 175, and
87.5 N·m) were used to study the effects of different EGR
valve openings and AdBlue rates on NOx emissions and total
fluid cost. The engine brake torque was kept constant at every
engine load in this study.
2.2.2. EGR Valve Control and AdBlue Control. EGR valve

opening and AdBlue rate are controlled by INCA calibration

software. During the study, the EGR valve opening was
increased by 10% from closed to maximum. The AdBlue rate
increases from 0 to 20 mg/s successively until the final NOx
emission was zero.
2.2.3. SCR Carrier Temperature Test. Exhaust temperature

is an important factor affecting the efficiency of SCR, so the
test of SCR carrier temperature was carried out for different
schemes to explore the temperature characteristics of the SCR
carrier. In this study, we used nine temperature sensors to
measure the SCR carrier temperature. Figure 3 shows the
whole process of the temperature test and the test positions of
nine temperature sensors.
2.2.4. The Methods of Emission Measurement. The

sampling tubes of two emission analyzers were placed before
and after the postprocessing system for measuring NOx
emissions.
2.3. Baseline Engine Performance. Figure 4 shows the

mapping characteristics of engine at 1000−3200 r/min. At the
different speed−load modes, the engine air flow rate, the
BSFC, the turbine inlet temperature, the SCR inlet temper-
ature, the NOx emissions, and the AdBlue rate exhibited
different trends. These maps serve as a reference for later

Table 1. Main Engine Parameters

parameter value

air system turbocharged, intercooled
bore × stroke 81 mm × 97 mm
engine displacement 1.99 L
engine compression ratio 16.2:1
peak torque 350 N·m at 1600−2400 r/min
rated power 90 kW at 3200 r/min

Figure 1. Schematic diagram of the experimental setup.

Figure 2. Diagram of the test bench. (a) Engine and aftertreatment system. (b) Photographic representation of EGR.

Table 2. Measuring Accuracy of Measuring Devices

measuring device manufacturer/type
variable
measured accuracy

dynamometer Qdi28.3-2FI engine speed <±0.1% full
scale

engine torque <±0.2% full
scale

exhaust gas
analyzer

Horiba MEXA-
7500DEGR

HC emission <±1.0% full
scale

CO emission <±1.0% full
scale

NOx emission <±1.0% full
scale

fuel consumption
meter

FEV fuelcon fuel
consumption

<±0.05% full
scale

air flow meter ABB/50MC2-6F engine air flow
rate

±1.0%
measured
value

exhaust
temperature
sensor

KX391A-K-XL SCR
temperature

<±0.5% full
scale
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research. The fuel consumption characteristics of the diesel
engine are the lowest at 75% load.

3. RESULTS AND DISCUSSION
3.1. Effects of EGR Valve Opening. 3.1.1. Effects of EGR

on Engine Air Flow Rate and Air−Fuel Ratio. Figure 5 shows
the impacts of the EGR valve opening on the engine air flow
rate and air−fuel ratio (AFR) under different engine loads at
1600 and 2100 r/min. The constant torque method was used
in the experiment. Due to the limitation of engine power, the
actual maximum of EGR valve opening that can be opened at
different speeds was different, resulting in different numbers of
data points at 1600 and 2100 speeds. When the EGR valve
opening increased, the engine air flow rate and AFR decreased.
With the increase of engine speed and load, the demand of
engine air flow rate increased and the AFR decreased. After the
EGR valve was opened, the exhaust gas acts as part of the fresh
air, so the engine air flow rate decreases. In addition, due to the
exhaust mass flow increase, the proportion of fresh air
decreases, leading to reductions in the AFR. At 1600 r/min,
the EGR valve can be opened up to 30%; when the EGR valve
opening was increased by every 10%, the engine air flow rate
decreases by 14.4, 12.4, 11.1, and 3.5 kg/h respectively under
25, 50, 75, and 100% load, respectively. At 2100 r/min, the
EGR valve can be opened up to 30%; when the EGR valve
opening was increased by every 10%, the engine air flow rate
decreases by 23.8, 15.2, 12.6, and 9.7 kg/h, respectively, under
25, 50, 75, and 100% load.
3.1.2. Effects of EGR on BSFC. Figure 6 shows the impacts

of the EGR valve opening on the BSFC under different loads at
1600 and 2100 r/min. As the EGR valve opening was
increased, the BSFC increased. It can be seen from the figure
that the BSFC was the highest at 25% load, followed by 100,
50, and 75% load. This was determined by the mapping
characteristics of engine, and the BSFC was the lowest at
medium load. At 1600 r/min, the BSFC increased by 1.0, 0.7,
0.8, and 1.6 g/(kW·h) for each 5% increase in EGR valve
opening at 25, 50, 75, and 100% loads, respectively. At 2100 r/
min, the BSFC increased by 1.1, 0.7, 0.8, and 1.0 g/(kW·h) for
each 5% increase in EGR valve opening at 25, 50, 75, and
100% loads, respectively. These phenomena were because the
engine air flow rate reduction caused by the EGR resulted in
combustion deterioration. The air−fuel ratio change was the

main cause of the BSFC increase when EGR valve opening was
increased.
3.1.3. Effects of EGR on NOx Emission. Figure 7 shows the

impacts of the EGR valve opening on the NOx emissions at the
engine outlet under different loads at 1600 and 2100 r/min. As
the EGR valve opening was increased, the engine outlet NOx
emissions decreased, because the EGR reduced the combus-
tion temperature in the cylinder. The engine outlet NOx
emissions were the highest at 100% load, followed by 75, 50,
and 25% load; this is caused by the high exhaust temperature
of the engine at high load. At 1600 rpm, the engine outlet NOx
emissions decreased by 2.2, 2.1, 1.2, and 0.8 g/(kW·h) for each
5% increase in EGR valve opening at 25, 50, 75, and 100%
loads, respectively. At 2100 r/min, the engine outlet NOx
emissions decreased by 3.5, 2.0, 1.8, and 1.7 g/(kW·h) for each
5% increase in EGR valve opening at 25, 50, 75, and 100%
loads, respectively. As can be seen from the figure, with the
increase of engine speed, the EGR valve opening had a greater
impact on NOx emission. Therefore, it shows that the EGR
valve opening can be appropriately increased at high speed to
reduce the NOx emission at a high load.
3.1.4. Effects of EGR on Exhaust Temperature. Figure 8

shows the impacts of the EGR valve opening on the exhaust
temperature under different loads at 1600 and 2100 r/min.
The exhaust temperature refers to the engine outlet temper-
ature, which was the supercharger turbine inlet temperature. As
the EGR valve opening was increased, the exhaust temperature
increased. It can be seen from the figure that the exhaust
temperature was the highest at 100% load, followed by 75, 50,
and 25% load. At 100% load of 1600 r/min, the exhaust
temperature increases by 10.7 °C for every 5% increase in
EGR. The reason for the increase of exhaust temperature was
that after the EGR valve was opened, the proportion of fresh
air entering the cylinder decreases and the combustion in the
cylinder becomes worse, resulting in the prolonged combus-
tion duration and the increase of the exhaust temperature.
3.1.5. Effects of EGR on SCR Carrier Temperature. Figure 9

shows the impacts of the EGR valve opening on the SCR
carrier temperature under different loads at 2100 r/min. The
SCR carrier temperature was a crucial factor in urea reaction.
Exploring the internal temperature of the SCR carrier was
helpful for NOx emission control. After the EGR valve was
opened, the intake flow rate of the engine decreases, so does
the exhaust mass flow rate. As a result, the exhaust flow
velocity of the engine changes, ultimately affecting the
temperature of the SCR carrier. Too high or too low
temperature of SCR carrier made the catalyst efficiency low.
It can be seen from the figure that the center temperature of

the SCR carrier was high and the edge temperature was low,
which was caused by uneven airflow. The reasonable design of
the mixer was the key to the uniform distribution of the SCR
temperature and urea. On the other hand, the front-end
temperature of the SCR carrier was lower and the back-end
temperature was higher. This was due to the urea attached to
the SCR front-end, resulting in the SCR front-end temperature

Table 3. Catalyst Parameters

DOC DPF SCR ASC

carrier material cordierite cordierite cordierite cordierite
catalyst shape cylindrical cylindrical cylindrical cylindrical
catalyst size 143 mm (D) × 101 mm (L) 190 mm (D) × 177 mm (L) 190 mm (D) × 101 mm (L) 190 mm (D) × 76 mm (L)
catalyst cell density (1/in2) 400 CPSI 300 CPSI 600 CPSI 600 CPSI

Figure 3. Position of the SCR temperature sensor.
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being lower than the back-end temperature. At 50% load of
2100 r/min, the mean cross section temperatures of the SCR
carrier center were 305.5, 309.1, and 311.2 °C at the EGR
valve opening of 14, 20, and 30%, respectively. The average
temperatures of the cross section at half radius of the axial

direction were 304.2, 308.7, and 311.2 °C, respectively. The
average temperatures of the edge cross section were 285.2,
286.7, and 288.6 °C, respectively. At 75% load of 2100 r/min,
the mean cross section temperatures of the SCR carrier center
were 369.9, 371.8, and 372.7 °C at EGR valve openings of 10,

Figure 4. Baseline engine performance under mapping characteristics. (a) Engine air mass flow rate. (b) BSFC. (c) Turbine inlet temperature. (d)
SCR inlet temperature. (e) SCR inlet NOx. (f) AdBlue rate.
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Figure 5. Effects of EGR on engine air flow rate and AFR under different loads: (a) 1600 r/min. (b) 2100 r/min.

Figure 6. Effects of EGR valve opening on BSFC under different loads: (a) 1600 r/min. (b) 2100 r/min.

Figure 7. Effects of EGR valve opening on NOx emission under different loads: (a) 1600 r/min and (b) 2100 r/min.

Figure 8. Effects of EGR valve opening on turbine inlet temperature under different loads: (a) 1600 r/min and (b) 2100 r/min.
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20, and 30%, respectively. The average temperatures of the
cross section at the half radius of the axial direction were 368.6,
371.2, and 372.8 °C, respectively. The average temperatures of
the edge cross section were 347.4, 347.1, and 348.2 °C,
respectively. When the EGR valve opening was 10, 20, and
24% at 100% load of 2100 r/min, the mean cross section
temperatures of the SCR carrier center were 511.4, 514.6, and
519.1 °C, respectively. The average temperatures of the cross
section at a half radius of the axial direction were 510.9, 514.2,
and 519.1 °C, respectively. The average temperatures of the
edge cross section were 483.8, 484.7, and 488.3 °C,
respectively.

3.2. Effects of AdBlue Rate. 3.2.1. Effects of AdBlue Rate
on NOx Emission and NOx Conversion Efficiency. Figure 10
shows the impacts of the AdBlue rate on the NOx emissions at
the SCR inlet and outlet under different loads at 1600 and
2100 r/min. With the increase of AdBlue rate, NOx at the SCR
outlet decreases, which was due to the ejection hydrolysis of
urea into NH3, and the conversion reaction of NH3 with NOx,
which eventually leads to N2 and H2O. As the engine load
increased, the NOx emissions increased and more and more
urea was needed. At 1600 rpm, the SCR outlet NOx emission
to the lowest value was close to zero and the AdBlue rates were
60, 160, 280, and 420 mg/s at 25, 50, 75, and 100% load,
respectively. At 2100 r/min, the SCR outlet NOx emission to

Figure 9. Effects of EGR valve opening on SCR carrier temperature under different loads at 2100 r/min.

Figure 10. Effects of AdBlue rate on NOx emission under different loads: (a) 1600 r/min and (b) 2100 r/min.
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the lowest value was close to zero and the AdBlue rates were
45, 120, 400, and 440 mg/s at 25, 50, 75, and 100% load,
respectively.
Figure 11 shows the impacts of the AdBlue rate on the NOx

conversion efficiency under different loads at 1600 and 2100 r/
min. With the increase of AdBlue rate, the NOx conversion
efficiency increased. At 1600 r/min, the highest NOx
conversion efficiencies were 93.3, 99.7, 98.4, and 99.1% at
25, 50, 75, and 100% loads. At 2100 r/min, the highest NOx
conversion efficiencies were 91.2, 99.2, 97.8, and 98.2% at 25,
50, 75, and 100% loads.
It can be seen from the data that the NOx conversion

efficiency was low at 25% loads, because the emission
temperature of 25% load was low and the activity of SCR
catalyst was insufficient, so the NOx conversion efficiency was
low.
3.2.2. Effects of AdBlue Rate on SCR Average Temper-

ature. Figure 12 shows the impacts of the AdBlue rate on the
SCR average temperature under different loads at 1600 and
2100 r/min. The SCR average temperature refers to the
average value of nine temperature sensors inside the SCR
carrier. As the AdBlue rate was increased, the SCR average
temperature increased slightly. The SCR average temperature
at different speeds was different especially under 100% load,
the SCR temperature at 1600 r/min was about 425 °C, and the
SCR temperature at 2100 r/min was about 550 °C. The reason
for the increased of SCR average temperature was related to
the chemical reaction inside the SCR carrier, with the
increased of AdBlue rate, the more NOx converted by SCR,
and the more heat released.
3.2.3. Effects of AdBlue Rate on SCR Carrier Temperature.

During the urea injection process, a chemical reaction occurred

inside the SCR carrier. On the one hand, the urea injection
reduced the temperature of the front end of the carrier. On the
other hand, the reduction reaction between NH3 and NOx was
an exothermic process. The internal reaction temperature of
the support determines the activation energy of the catalyst, so
the SCR temperature characteristics are the key to reduce NOx
emissions.
Figure 13 shows the impacts of the AdBlue rate on the SCR

carrier temperature under 50, 75, and 100% load at 2100 r/
min. As shown in the figure, the SCR carrier temperature was
high in the middle and low at the edge, which was caused by
the fact that the central airflow moves faster than the edge. In
addition, the front temperature of the SCR carrier was low and
the back temperature was high. This was because urea was
injected at the front of the SCR, and urea absorbs the heat in
the exhaust gas, resulting in a lower front temperature than the
back end.
At 2100 r/min and 50% load, when the AdBlue rates were

20, 40, and 80 mg/s, the temperatures of the cross center
section of the SCR carrier were 236.4, 238.4, and 241.4 °C,
respectively. At 2100 r/min, 75% load, when the AdBlue rates
were 80, 160, and 240 mg/s, the average temperatures of the
cross center section of the SCR carrier were 365.8, 369.9, and
376.2 °C, respectively. At 2100 r/min and 100% load, when
the AdBlue rates were 200, 280, and 360 mg/s, the average
temperatures of the cross center section of the SCR carrier
were 508.1, 511.4, and 518.9 °C, respectively.
3.3. Effects of EGR and AdBlue. 3.3.1. Effects of EGR

and AdBlue on BSFC and NOx. Figure 14 shows the effects of
EGR and AdBlue rate on BSFC and NOx emissions under
different loads at 1600 and 2100 r/min, respectively. With the
increase of the AdBlue rate, NOx emissions gradually decreased

Figure 11. Effects of AdBlue rate on NOx conversion efficiency under different loads: (a) 1600 r/min and (b) 2100 r/min.

Figure 12. Effects of AdBlue rate on SCR average temperature under different loads: (a) 1600 r/min and (b) 2100 r/min.
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Figure 13. Effects of AdBlue rate on the SCR carrier temperature under different loads at 2100 r/min.

Figure 14. Effects of EGR valve opening and AdBlue rate on BSFC and NOx under different loads at 1600 and 2100 rpm. (a) 1600 rpm, 50% load.
(b)1600 rpm, 75% load. (c)1600 rpm, 100% load. (d) 2100 rpm, 50% load. (e) 2100 rpm, 75% load. (f) 2100 rpm, 100% load.
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Figure 15. Comparison of total fluid costs. (a) Equivalent diesel liquid cost when the urea/diesel ratio was 1/1. (b) Equivalent diesel liquid cost
when the urea/diesel ratio was 1/2. (c) Equivalent diesel liquid cost when the urea/diesel ratio was 1/3.

Table 4. Comparison of Total Fluid Costs

total fluid costs

NOx
(g/kW·h)

urea/diesel price ratio = 1/1 (g/kW·
h)

urea/diesel price ratio = 1/2
(g/kW·h)

urea/diesel price ratio = 1/3
(g/kW·h)

EGR valve opening 10% 0.1 235.4 222.6 218.3
0.8 233.4 221.7 217.7
1.7 231.9 220.9 217.2
2.6 229.2 219.5 216.2
3.5 227 218.5 215.6
4.3 224.2 216.9 214.5
5 221.8 215.7 213.7
5.7 219.5 214.6 213
6.5 216.9 213.3 212
7.4 214.5 212 211.2
8.3 212 210.7 210.3
9.3 209.6 209.6 209.6

EGR valve opening 20% 0.1 234.6 222.5 218.5
1.5 230.2 220.5 217.2
2.2 227.6 219 216.2
3.1 225.3 218 215.6
4.3 222.5 216.4 214.4
5.2 220.2 215.3 213.7
6.1 217.6 214 212.7
7 215.2 212.7 211.9
7.8 213.1 211.9 211.5
8.5 210.7 210.7 210.7

EGR valve opening 30% 0.2 233 222 218.3
1.1 230.8 221.1 217.8
1.9 228.6 220.1 217.2
2.6 226.1 218.7 216.3
3.5 223.5 217.4 215.4
4.5 221.2 216.4 214.7
5.3 218.8 215.4 213.9
6.3 216.4 213.9 213.1
7 213.9 212.7 212.3
7.5 211.5 211.5 211.5

EGR valve opening 40% 0.1 232.4 222.1 218.6
0.4 231.4 221.7 217.9
1.1 228.8 220.2 217.2
1.7 226.6 219.3 216.9
2.5 224.1 218 216
3.5 221.8 217.3 215.3
4.5 219.5 215.9 214.6
5.1 217 214.5 213.7
6.1 214.5 213.3 212.9
6.9 212.2 212.2 212.2
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but the fuel consumption did not change. Different EGR valve
openings have different effects on BSFC and NOx emissions.
From the results, increasing the EGR opening can reduce part
of the NOx emissions, which can reduce the consumption of
AdBlue.
As shown in Figure 14a, in order to achieve the final zero

NOx emission, the AdBlue rate required 160 and 80 mg/s,
respectively, at 10 and 20% of EGR valve openings. As shown
in Figure 14b, in order to achieve the final zero NOx emission,
the AdBlue rate required 280, 160, and 120 mg/s, respectively,
at 10, 20, and 30% of EGR valve openings. As shown in Figure
14c, in order to achieve the final zero NOx emission, the
AdBlue rate required 420, 400, 360, and 340 mg/s,
respectively, at 10, 20, 30, and 40% of EGR valve openings.
As shown in Figure 14d, in order to achieve the final zero NOx
emission, the AdBlue rate required 120, 60, and 20 mg/s,
respectively, at 10, 20, and 30% of EGR valve openings. As
shown in Figure 14e, in order to achieve the final zero NOx
emission, the AdBlue rate required 360, 225, and 160 mg/s,
respectively, at 10, 20, and 30% of EGR valve openings. As
shown in Figure 14f, in order to achieve the final zero NOx
emission, the AdBlue rate required 460, 325, and 280 mg/s,
respectively, at 10, 20, and 30% of EGR valve opening,
respectively.
3.3.2. Effects of EGR and AdBlue on Total Cost. EGR and

SCR were the main technologies to reduce NOx emissions.
EGR reduces the original emissions of the engine but at the
same time increases the consumption of diesel, resulting in
poor economic performance of the engine. SCR needs to
consume AdBlue. The total fluid cost of the diesel engine
includes diesel and AdBlue. How to balance the overall
economy of the engine is particularly important. Figure 15 and
Table 4 show the comparison of total fluid costs at 1600 r/min
(100% load, 350N·m). AdBlue was converted into equivalent
diesel consumption for calculation. Figure 15a, b, and c show
the results of the AdBlue/diesel price ratio according to 1/1,
1/2, and 1/3, respectively. As shown in the figure, as NOx
emissions decreased, the equivalent diesel fluid cost increased.
According to the price ratio of AdBlue/diesel, 1/1, the
maximum fluid cost was 235 g/(kW·h); according to the price
ratio of 1/2 AdBlue−diesel, the maximum fluid cost was 223
g/(kW·h), and according to the price ratio of 1/3 urea diesel,
the maximum fluid cost was 218 g/(kW·h). With the decrease
of the AdBlue/diesel price ratio, EGR has less and less
influence on fluid cost. Under the condition of zero NOx, with
the increase of EGR opening by 10%, the fluid cost decreases
by 0.4, 0.07, and 0.04% respectively.

4. CONCLUSIONS

In the study, it was observed that as the EGR valve
opening increased, several parameters of the engine
underwent changes. Specifically, the air−fuel ratio and
excess air coefficient decreased, leading to an increase in
brake-specific fuel consumption (BSFC). Simultane-
ously, there was a decrease in NOx emissions but an
increase in exhaust temperature and SCR carrier
temperature. Furthermore, with increasing engine
loads, the air−fuel ratio and excess air coefficient
decreased further, resulting in higher NOx emissions,
exhaust temperature, and SCR carrier temperature.
However, it was found that the BSFC was at its lowest
at 75% load, followed by 50 and 25% load.

Another aspect that was investigated in this research was
the impact of AdBlue rate on NOx emissions at the SCR
outlet. It was observed that as the AdBlue rate increased,
there was a decrease in NOx emissions. However, with
increasing engine load, the NOx emissions also
increased, requiring more urea to be injected. At an
engine speed of 1600 r/min, the SCR outlet NOx
emission approached zero at the lowest value, with
AdBlue rates of 60, 160, 280, and 420 mg/s at 25, 50, 75,
and 100% load, respectively. Similarly, at 2100 r/min,
the SCR outlet NOx emission reached its lowest value
close to zero, with AdBlue rates of 45, 120, 400, and 440
mg/s at 25, 50, 75, and 100% load, respectively.
Additionally, as the AdBlue rate increased, there was a
slight increase in the average SCR temperature. The
temperature distribution on the SCR carrier indicated
that the central section of the exhaust had a higher
temperature compared to the edges, while the front
temperature of the SCR carrier was lower than the back.
The study evaluated the effectiveness of EGR and SCR
in reducing NOx emissions from diesel engines. It was
found that while EGR reduced NOx emissions, it also
had an impact on engine fuel consumption. On the other
hand, SCR required the use of urea, which incurred
costs. Both fuel consumption and urea consumption
were considered as important factors in engine develop-
ment. Interestingly, as NOx emissions decreased, the
equivalent diesel fluid cost increased. At 1600 r/min
(100% load) when NOx emissions were reduced to zero,
the maximum fluid cost was determined to be 235, 223,
and 218 g/(kW·h), for AdBlue/diesel price ratios of 1/1,
1/2, and 1/3, respectively. Furthermore, with a decrease
in the AdBlue/diesel price ratio, the influence of EGR on
fluid cost diminished. Under the condition of zero NOx
emissions, a 10% increase in EGR opening resulted in
fluid cost reductions of 0.4, 0.07, and 0.04% for the
respective AdBlue/Diesel price ratios mentioned above.
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