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ABSTRACT To solve the problems of low exhaust temperature NOx conversion efficiency of urea Selective
Catalytic Reduction (SCR) and easy production of urea crystals during actual vehicle operation, this paper
studies the effect of solid SCR on NOx emission on the engine bench. The experimental results show that
for a solid SCR carrying the same reducing agent, its volume is only 1/3 the volume of urea SCR. When
the exhaust temperature is 160◦C, the NOx conversion efficiency of the solid SCR system can reach 40%.
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%. When the solid SCR injection temperature is reduced to 160◦C,
the NOx conversion efficiency is significantly improved, which is 9.7% and 15.5% higher than that of the
200◦C solid SCR system and the urea SCR system, respectively, and the number of power base windows is
between [0 20]. The NOx emission of diesel vehicles matching the urea SCR system is significantly higher,
reaching 2.38 and 1.73 times that of the solid SCR system with a starting temperature of 160◦C and 200◦C,
respectively.

INDEX TERMS Selective catalytic reduction, ammonia leakage, conversion efficiency, metal ammonia salt.

I. INTRODUCTION
As the number of vehicles in China increases each year,
people are paying increasing attention to the sources of motor
vehicle pollution. Among these vehicles, heavy diesel vehi-
cles have a notably high contribution rate to such pollutants
as PM2.5 and NOx in atmospheric pollutants. Particulate
matter (PM) emissions of heavy diesel vehicles account for
78% of total motor vehicle emissions, and NOx emissions
account for 57.3% of total motor vehicle emissions [1], [2].
Heavy-duty diesel vehicles are clearly the main contributors
to motor vehicle pollution [3], [4].

To improve the air quality as soon as possible and win
the blue sky defense battle according to the provisions of
the China standard ‘‘GB17691-2018 vehicle compression
ignition, gas fuel ignition engine and vehicle exhaust pollu-
tant emission limits and measurement methods (China VI)’’
nationally, the implementation of the China VI-a and VI-b
emission standards for heavy-duty diesel vehicles are set
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to begin on July 1, 2021 and July 1, 2023, respectively.
To meet the emission requirements of China VI for diesel
engines, aftertreatment devices commonly used at home and
abroad are DOC-DPF-SCR, which are used to reduce NOx
and PM. Both aftertreatment technologies need to be used in
combination to meet the China VI emission standards, but at
present, there is still a large gap between research on engines
and research on aftertreatment core technologies that meet the
China VI emission standards [25]–[27].

In practical applications, the NOx conversion efficiency of
common low temperature SCR systems is not high. In partic-
ular, postal vehicles, buses, and sanitation vehicles running
in cities need to be started and stopped frequently. Typically,
the low exhaust temperature causes urea SCR systems to
not operate normally [5]–[8]. In the China IV and China V
emission standards, the average conversion efficiency of an
SCR system needs to reach 75-85%. The SCR control strat-
egy often uses an open loop control strategy based on the
target conversion efficiency [9], [10]. In the China VI emis-
sion standards, the average conversion efficiency of the SCR
system needs to be increased to 95-98%. To achieve such
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a high SCR conversion efficiency, it is often necessary to
over-inject urea according to a certain proportion, and the
risk of urea crystallization increases. How to reduce or avoid
urea crystallization is a problem that urgently needs to be
solved [11], [12]. Moreover, the China VI standard lowers
the NH3 leakage limit, and an ammonia trap ammonia slip
catalyst (ASC) needs to be installed downstream of the SCR.
In addition, when the exhaust temperature is higher than
380◦C, the urea aqueous solution sprayed into the exhaust
gas flow may be quickly dehydrated and transformed into
melamine deposits, blocking the exhaust line, thereby result-
ing in increased engine back pressure, reduced power, and
increased fuel consumption. These effects often occur inside
and outside an engine [13].

Solid SCR technology is a new technology that has
emerged in recent years for reducing NOx emissions. A study
by Figen et al. showed that solid SCR has higher NOx con-
version efficiency in the FTP72 and US06 test cycles [14].
Fulks et al. studied different types of solid ammonia and the
ammonia release characteristics of storage materials [15].
Solid SCR technology carries ammonia with a volume den-
sity comparable to that of pure liquid ammonia. Under the
same volume, the solid SCR technology can carry a more
effective reducing agent than the urea SCR system. Research
by Shost et al. shows that the advantage of solid SCR is that
ammonia gas is directly injected into the exhaust pipe [16],
which has greater NOx emission reduction potential [5], [28],
[29]. Solid SCR can solve the problems of current low tem-
perature activity of urea SCR systems, exhaust pipe crystal-
lization, and low temperature icing and is a highly promising
NOx emission control technology for diesel engines. This
paper focuses on the NOx emission reduction characteristics
of solid SCR technology and compare it with urea SCR
technology. The research results have reference significance
for reducing the NOx emissions of urban diesel vehicles in
China and have a guiding significance for light diesel vehicles
to meet the China VI emission standards [17]–[21].

II. INSTRUMENTS AND METHODS
A. INSTRUMENTS AND EXPERIMENTAL PLAN
The structure of the solid SCR system [22], [23] is shown
in Figure 1. Solid SCR technology is used to store NH3 in a
closed container in the form of solid ammonia salt. The solid
SCR system includes metal ammonia salt, an internal heater,
a pressure reducing valve, a stainless steel tank, an aftertreat-
ment control unit (ACU), a spray control valve, injection
device, a pressure regulating valve, and an ammonia gas
delivery pipe. Theworking principle of the system is that NH3
is stored in the form of metal ammonia salt (Sr(NH3)8Cl2)
in a closed stainless steel tank. The metal ammonia salt is
heated to a certain temperature, and ammonia gas will be
released. The ACU receives the CAN communication signal
of the ammonia nitrogen ratio of the engine controller ECU
and injects NH3 to the engine exhaust pipe in real time. Metal
ammonium salt (Sr(NH3)8Cl2) [24] is used as the storage

FIGURE 1. Schematic diagram of a solid SCR system.

medium for NH3. This medium has the advantages of high
ammonia storage efficiency and high low temperature activ-
ity. TheNH3 injection quantity is adjusted in real time accord-
ing to different operating conditions of the diesel engine and
chemically reacts with NOx under action of the SCR catalyst
to reduce the exhaust NOx emissions of the diesel engine. For
the NH3 dose valve to accurately measure the NH3 injection
volume, the system monitors the pressure value of the closed
container, and the temperature control unit performs closed
loop control. Compared with urea SCR technology, solid
SCR technology is not limited by the temperature of urea
pyrolysis and hydrolysis, and there is no risk of urea crystals
or urea stones blocking the exhaust pipe. Combined with a
catalyst with good low temperature activity, it can effectively
improve the low-temperature NOx conversion efficiency of
the SCR system and solve the problems of SCR systems in
low-speed and low-load applications [30], [31].

The layout of the diesel engine bench is shown in Figure 2,
including a dynamometer, emission test analyzer, a solid SCR
system, a urea SCR system and an SCR catalyst. The catalyst
adopts a copper-based catalyst or a vanadium-based catalyst
with high conversion efficiency at low temperature. The main
technical parameters of the diesel engine and aftertreatment
are shown in Table 1. The main models and parameters of the
test equipment are shown in Table 2. The specific parameters
of the fuel used in the experiment are shown in Table 3. The
control signal of the same ammonia nitrogen ratio of the solid
SCR system and the urea SCR system is provided by the same
controller on the engine test bench. The dynamometer is used
to control the engine speed and torque based on the China VI
emission standard. TheWHSC andWHTC test cycle are used
in the experiment, and the same diesel engine is tested with
a solid SCR and a urea SCR injection system. Specifically,
the gas sampling device directly samples the exhaust tail pipe
of the aftertreatment system, the HORIBA exhaust gas ana-
lyzer is used to measure the NOx pollutant emission results,
and the environment SA ammonia gas analyzer is used to
measure the amount of ammonia leakage.

B. INSTRUMENT AND EXPERIMENT PLAN
A supercharged and intercooled diesel engine was selected
for a comparative study of NOx reduction by solid SCR and
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FIGURE 2. Diesel engine bench layout.

TABLE 1. Main technical parameters of the diesel engine and
aftertreatment.

TABLE 2. Test equipment and manufacturer.

urea SCR systems. First, the ammonia salt storage and release
characteristics of the solid SCR are studied. Then, based on
the same ammonia nitrogen ratio, the solid SCR adopts a
passive injection mode. The passive urea injection receives
the amount of reducing agent injection sent by the CAN bus
and injects ammonia directly into the exhaust tail pipe. The
reducing agent injected by the two systems is ensured to be
the same, and WHSC and WHTC cycle test verifications
are conducted. Laboratory test conditions, such as with a
diesel engine, an intake system, an exhaust system, a cooling
system, lubricating oil, fuel oil and an exhaust aftertreatment
system, meet the national standard GB17691-2005 of the
People’s Republic of China. Experimental methods and test
procedures include selectingWHSC andWHTC standard test
cycles for comparative analysis experiments on the above
two systems. According to the experimental requirements,
the engine test bench records the working parameters of the

TABLE 3. Test fuel specific parameters.

engine in real time, such as engine speed, torque, temper-
ature, catalyst airspeed, ammonia nitrogen ratio and other
parameters. The operating mode of each engine is stable for
3 minutes, and the data are recorded in the last 30 s. The
exhaust component analyzer and the NH3 analyzer are used
to record the corresponding emission data.

Between the systems, 1 mol of urea can be hydrolyzed into
2 mol of ammonia, and the mass concentration of the urea
standard aqueous solution is 32.5%; therefore, the relation-
ship between solid SCR ammonia demand and urea demand
is as follows equation:

Qu =
1
2
×
Mu

Mn
÷ 32.5%× Qn = 5.42× Qn (1)

In equation (1), Qu is the urea demand, mg·s−1; Qn is the
ammonia demand, mg·s−1; Mu is the molar mass of urea,
g·(mol)−1; Mn is the molar mass of ammonia, g·(mol)−1;
the molar masses of ammonia and urea are 17 g·(mol)−1 and
60 g·(mol)−1, respectively.

The surface temperature of the SCR catalytic converter
is replaced by the arithmetic mean of the inlet and outlet
temperatures of the converter. The conversion efficiency of
the SCR catalytic converter is shown in equation (2), where
ηN represents the NOx conversion efficiency of the catalytic
converter;CNin represents the NOx concentration at the inlet
of the catalytic converter; CNout represents the NOx concen-
tration at the outlet of the catalytic converter.

egas =
m

W
(
t2,i
)
−W

(
t1,i
) (2)

Error analysis uses the standard deviation equation
(3) [32]–[34].Where σ is the standard deviation, N is the total
number of samples, i is the sample serial number, Xi is the
value of the sample, and µ is the arithmetic mean.

σ =

√
1
N

∑N

i−1
(xi − µ)2 (3)
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TABLE 4. Ammonia storage density of different reductant.

FIGURE 3. Different reductant volume ratio.

III. EXPERIMENTAL RESULTS AND ANALYSIS
A. COMPARISON OF STORAGE DENSITY OF A SOLID
SCR AND A UREA SCR
The main reaction of the SCR system to reduce the NOx
emissions of diesel engines is as follows: 4NO+4NH3+O2 =

4N2+6H2O, 1 g NO=1/30 mol the amount of reducing agent
required to reduce 1 g NO by several different ammonia
storage media (NSR=1). The volume ratio of pure liquid
ammonia, solid SCR, AdBlue and solid ammonia storage
material Sr(NH3)8Cl2 required to reduce the unit mass of NO
is 0.93:0.75:2.83:0.95. The volume of pure urea ammonia is
the reference volume 100, and the volume of each reducing
agent is shown in, for example, Figure 3. Among the reducing
agents required to reduce the mass of NO, solid SCR has
the smallest volume and AdBlue has the largest volume.
Sr(NH3)8Cl2 has the same volume as pure liquid ammonia.
Sr(NH3)8Cl2 has a volume of approximately 1/3 of AdBlue.
It can be seen that the solid SCR system can carry a more
effective reducing agent than the urea SCR system under the
same storage volume. Therefore, the cruising range of the
solid SCR system carrying the same quality reducing agent
is higher than that of the urea SCR system. The application
of a solid SCR system can greatly reduce the system volume
and is more conducive to the layout of the whole vehicle.

B. COMPARISON OF A SOLID SCR AND A UREA SCR
BENCH TEST
As shown in Figure 4, the release characteristics of the
solid SCR system NH3 changes with temperature. When
the solid SCR stainless steel tank is heated to the threshold

FIGURE 4. Ammonia adsorption desorption reaction of SrCl2.

FIGURE 5. Temperature/pressure characteristics of MU during system
warm-up.

temperature, only metal ammonia salts can release stored
NH3. The chemical equations (4) and (5) of strontium chlo-
ride metal ammonia salt (Sr(NH3)8Cl2) releasing ammonia
gas are as follows:

Sr(NH3)8cl2
80◦C
←→ Sr(NH3)cl2+ 7NH3 (4)

Sr(NH3)cl2
150◦C
←→ Srcl2+ NH3 (5)

According to the characteristics of the above reaction, NH3
can be stored in a closed container in the form of solid
ammonia compound in advance, and the temperature of the
closed container can be controlled by the system control unit
to release the NH3 adsorbed by the metal ammonium salt
in the form of gas and sealed in a closed In the container,
NH3 is then quantitatively injected into the exhaust gas flow
according to the requirements of the diesel engine operating
conditions, and a reduction reaction occurs with NOx , thereby
achieving the purpose of controlling NOx emissions.
According to the storage and release principle of the NH3

in a solid SCR system, as shown in Figure 4, when the temper-
ature reaches 35◦C, Sr(NH3)8Cl2 begins to release the stored
NH3, and when the temperature reaches 80◦C, Sr(NH3)8Cl2
releases the stored Seven NH3 molecules release the last
NH3 at 150◦C. The experiment studied the ammonia release
characteristics during the preheating process of the solid SCR
system as shown in Figure 5.

At normal temperature, the residual gaseous NH3 in meter
unit (MU) can be gradually adsorbed by strontium chloride
(SrCl2) to formmetal ammonium, which reduces the pressure
of MU and forms a negative pressure, as shown in Figure 5.
When the solid SCR is working, the ACU controls the heater
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FIGURE 6. Temperature/pressure characteristics of MU during transient
cycling.

to heat the solid ammonium salt stored in the MU; therefore,
the temperature of the main tankMU increases, and the metal
ammonium salt gradually releases the adsorbed NH3 under
heating to increase the MU pressure. The ACU controls the
NH3 release rate of the metal ammonium salt by changing
the heating power of the heater, thereby controlling the actual
pressure of the MU to the pressure value set by the system.
In the solid SCR system, the system working pressure is set
at 3.4 × 105pa. The injection unit (DU) is connected to the
MU through the NH3 delivery pipe. During the preheating
process of the solid SCR system, the DU pressure regulating
valve is intermittently opened, and the NH3 generated in the
MU enters the DU injection chamber through the pressure
regulating valve; therefore, the DU pressure also gradually
increases. When the actual pressure value of the MU reaches
the system set pressure value, the DU pressure also reaches
the system set pressure value. At this time, the solid SCR
system ends the preheating process and enters the standby
state. The preheating time of the MU system depends on the
heating power of the heater.

During the test, the solid SCR system MU set the working
pressure to 3.4×105pa. After the engine is started, the engine
is warmed up. At the same time, the MU enters the warm-up
state. After the MU warms up to the set working pressure,
the solid SCR system enters the normal working state. The
solid SCR system is controlled by the ACU to spray the
reducing agent NH3. The dynamometer is adjusted to run
the engine at rated operating conditions for 10 minutes. After
the engine operating parameters and catalyst temperature are
stable, the WHTC cycle is entered directly. As seen from
Figure 6, when the engine is running stably at the rated
operating point, the DU pressure tends to stabilize at approx-
imately 2.2 × 105pa, which proves that the DU continues
to inject the reducing agent NH3 at a large flow rate at this
time, and the main tank temperature and pressure gradually
stabilize at 75◦C and approximately 3.3 × 105pa. When
entering the WHTC transient cycle, the pressure of the DU
rises rapidly, indicating that the injection volume of the DU
is reduced, causing the pressure of the main tank to rise.
At this time, the ACU reduces the heating power of the main
tank, and the temperature of the main tank decreases. Then,

the release rate of the solid ammonium salt NH3 decreases,
and the main tank pressure is reduced. With the continuous
injection of NH3, the pressure of the main tank gradually
decreases. When the pressure of MU is lower than the set
pressure value, ACU increases the heating power of the main
tank, causing the temperature of MU to rise. The release rate
of NH3 of Sr(NH3)8Cl2 increases, thus increasing the main
tank pressure. It can be seen from Figure 6 that the ACU
adjusts the temperature of the main tank according to the
pressure signal value of the main tank, thereby controlling
the NH3 release rate of Sr(NH3)8Cl2. The temperature and
pressure of the MU are always under dynamic control of the
ACU. When the average injection amount of reducing agent
NH3 is 30.5 mg·s−1 under WHTC transient cycle conditions,
the average pressure of MU of the solid SCR system is
3.51× 105pa, and the average temperature of MU is 70.9◦C.
The NH3 released by the main tankMU enters the injection

unit DU through the DU ammonia inlet, and the pressure
of the injection chamber is adjusted by the pressure adjust-
ment solenoid valve. The ACU calculates the reducing agent
NH3 injection duty cycle according to the engine operating
conditions and the temperature and pressure of the NH3
in the injection cavity. The injection solenoid valve injects
the reducing agent NH3 into the exhaust pipe according to
the ACU duty cycle signal to achieve the reducing agent
NH3 quantitative injection. The experiment investigated the
DU pressure response characteristics of the solid SCR sys-
tem under WHTC transient cycling conditions, as shown
in Figure 7.

FIGURE 7. Pressure response characteristics of injection unit DU.

During the test, the solid SCR system MU set the working
pressure to 3.4×105pa. After the engine is started, the engine
is warmed up, and at the same time, the MU enters the warm-
up state. After the MU warms up to the set working pressure,
the solid SCR system enters the normal working state. The
solid SCR system is controlled by the ACU to perform nor-
mal injection. After adjusting the engine to rated operating
conditions for 10 minutes, the WHTC cycle is entered to test
the DU response performance of the solid SCR system.

When the NH3 released from the main tank MU enters
the DU through the ammonia inlet, the injection solenoid
valve of the DU is closed, and the pressure adjustment
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solenoid valve is intermittently opened. The NH3 enters
the DU injection chamber through the pressure adjustment
solenoid valve, causing the DU pressure to rise. During DU
injection, the ACU calculates the NH3 injection pulse width
according to the DU pressure, temperature and nozzle flow
characteristics. At this time, the pressure adjustment solenoid
valve is closed, the injection solenoid valve is opened, and the
NH3 in the DU injection chamber is injected into the exhaust
pipe through the injection solenoid valve. The pressure in the
injection chamber is reduced. Due to the small volume of the
DU injection chamber, the DU pressure changes considerably
during the solid SCR operation. As seen from Figure 8,
the DU pressure depends on the MU pressure and the DU
injection amount. When the DU injection amount changes
greatly, the DU pressure changes are more drastic; when the
DU injection quantity changes less, theMU andDUpressures
change less and gradually stabilize.

FIGURE 8. Injection unit DU response characteristics.

The experiment investigated the injection response char-
acteristics of the solid SCR system under WHTC transient
cycling conditions. When the DU is injected, the ACU cal-
culates the basic NH3 injection amount based on the NOx
concentration upstream of the catalyst and the exhaust gas
flow rate. Based on the basic injection amount, the reduc-
tant injection amount is corrected according to the catalyst
temperature, airspeed MAP, and transient correction factor,
and the reductant is finally determined. The ACU calculates
the opening pulse width of the injection solenoid valve based
on the DU pressure signal and nozzle flow characteristics,
and the reducing agent NH3 in the DU injection chamber is
injected into the exhaust pipe through the injection solenoid
valve. Due to the opening and closing of the DU pressure
regulating valve and the injection solenoid, the NH3 pressure
in the injection chamber is in a fluctuating state, resulting in a
certain difference and lag between the actual injection amount
of the solid SCR system and the injection demand during the
work process, as shown in Figure 8.

It can be seen from the middle diagram that the solid
SCR system actual injection amount of reductant has a
good response characteristic. During the 300s working time,
the total injection requirement of the system is 6.686 g, and
the actual injection amount is 6.596 g; the injection accuracy

rate is 98.65%, has good injection volume response charac-
teristics, there is a 2s lag time between the actual injection
volume and the injection demand.

Figure 9 shows a comparison of NOx conversion efficiency
of the solid SCR and the urea SCR at different exhaust
temperatures of 30000 hr−1 airspeed. The ammonia-nitrogen
ratio is set to 1:1 by ACU. The experimental results show
that when the exhaust temperature is lower than 250◦C, the
conversion efficiency of the solid SCR is significantly higher
than that of the urea SCR. Between the systems, at 160◦C,
NOx conversion efficiency increased by 40%, at 180◦CNOx
conversion efficiency increased by 40%, at 200◦CNOx con-
version efficiency increased by 35%, and at 220◦CNOx con-
version efficiency increased by 25%. The NOx conversion
rate of the urea SCR at low temperature is mainly limited
by the temperature of urea pyrolysis and hydrolysis, resulting
in low conversion efficiency at low temperature. In the range
of 300◦C to 400◦C, the NOx conversion efficiency of the solid
SCR system is equivalent to the urea SCR, and the highest
conversion efficiency is close to 95%. In this temperature
range, the catalyst activity is the best and the highest NOx
conversion efficiency is achieved. Experimental results show
that when the exhaust gas temperature is lower than 200◦C,
the solid SCR ammonia leakage is significantly higher than
that of the urea SCR. Themain reason is that the urea aqueous
solution injected into the exhaust pipe cannot be completely
hydrolyzed into ammonia gas. Solid SCR injects ammonia
directly into the tail pipe. When the exhaust temperature is
higher than 200◦C, the urea hydrolysis efficiency is higher;
therefore, the ammonia leakage is equivalent to that of the
solid SCR.

FIGURE 9. SCR conversion efficiency and ammonia leakage.

As shown in Figure 10, the NOx emissions of the WHSC
diesel engine without aftertreatment is 9.25 g·(kW·h)−1. The
same ammonia nitrogen ratio is set as in theWHSC cycle, and
a solid SCR and urea SCR comparative test is conducted sep-
arately. The test results show the NOx emissions are reduced
to 1.65 g·(kW·h)−1 and 1.95 g·(kW·h)−1, the average NH3
leakage is 1.2 × 10−6 and 1.7 × 10−6, and the ammonia
escape peaks are 6 × 10−6 and 8 × 10−6, respectively. The
average NOx conversion efficiency was 82.2% and 78.9%,
respectively. The conversion efficiency of the solid SCR is
improved by 3.3%, and the difference in ammonia leakage
is small.
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FIGURE 10. WHSC NOx conversion efficiency.

FIGURE 11. Comparison of NOx Conversion efficiency based on WHTC
cycle.

As shown in Figure 11, the NOx emissions of the
diesel engine without aftertreatment WHTC bare metal is
8.99 g·(kW·h)−1. The same ammonia nitrogen ratio is set as
in the WHTC cycle, and comparative test of solid SCR and
urea SCR is conducted. The test results show that the NOx
emissions are reduced to 1.5g·(kW·h)−1 and 1.9g·(kW·h)−1.
The peaks of ammonia leakage occurred at 78×10−6 and 55×
10−6, respectively. The average ammonia leakage was 4.3×
10−6 and 3.0× 10−6, respectively. The average NOx conver-
sion efficiency is 83.3% and 78.8%, respectively, and theNOx
conversion efficiency of the solid SCR system is increased
by 4.5%. These results occur because the WHTC cycle is
switched to the high speed section from 1400 to 1600s,
the load of the diesel engine suddenly increases, and the
exhaust flow rate quickly increases. At this time, the ammonia
storage capacity in the SCR tank is large, the temperature of
the SCR tank rises rapidly, and the ammonia storage capacity
drops to cause the ammonia gas to overflow. Due to the strong
storage capacity of the copper-based SCR catalyst, ammonia
leakage is likely to occur when the temperature of the SCR
catalyst suddenly increases.

C. AMMONIA STORAGE CHARACTERISTICS OF THE
SOLID SCR SYSTEM
Figure 12 shows the dynamic response characteristics of the
SCR catalyst at a 200◦C exhaust temperature and 25000hr−1

airspeed. The ammonia storage maximum experiment needs
to remove the ASC. During the experiment, the upstream
and downstream temperatures of the SCR catalyst and the
upstream and downstream NOx concentrations are recorded
including the downstream NH3 concentration, urea injection
quantity, engine intake air quantity, fuel injection quantity and
other related parameters. The engine runs at the rated point

FIGURE 12. SCR ammonia storage characteristics.

for 10 to 15 minutes and stops the urea injection to empty the
ammonia storage in the SCR catalyst. The engine operating
conditions are manually adjusted to operating conditions with
the SCR average temperature of 200◦C and the airspeed
of 25000 hr−1. After the temperature before and after the SCR
and the upstream and downstream NOx concentrations are
stable, data recording begins. When the ammonia nitrogen
ratio was adjusted to 1.3 to inject urea, the downstream
NOx concentration dropped rapidly, the ammonia storage
amount gradually increased, and NH3 leakage began to rise
slowly at 400 s When NH3 leakage rose to 70 × 10−6, urea
injection was stopped. When the downstream NOx concen-
tration rapidly rises to the original diesel engine emission
concentration, the data recording is stopped. According to the
data from the start of urea injection until the NH3 leak reaches
25× 10−6, according to the dynamic chemical balance of the
SCR catalyst, NH3in is the NH3 mass flow into the catalyst,
NOxin enters the catalyst NOx mass flow, and NH3out is The
NH3 mass flow rate overflows the catalyst and the NOxout
exhaust NOx mass flow rate of the catalyst. The accumulated
difference after integration is the maximum ammonia storage
amount corresponding to the operating point. To meet the
China VI emission regulations, the NOx average efficiency
needs to reach more than 95%. Generally, Copper-based
catalysts with better low temperature conversion efficiency
are selected. Copper-based catalysts have a higher stor-
age capacity at low temperatures. The ammonia storage of
the SCR catalyst decreases as the temperature of the cat-
alyst increases, and at the same temperature point, as the
storage amount increases, the NOx conversion efficiency
increases.

D. COMPARISON OF SOLID SCR AND UREA SCR
VEHICLE ROAD EXPERIMENTS
During the on board test, the test route is divided into three
parts, urban roads, suburban roads, and highways, according
to such factors as maximum speed of the test vehicle, road
traffic intensity, and road intersection density distribution,
as shown in Table 5.

Figure 13 illustrates is a comparison of NOx conversion
efficiency of the solid SCR and the urea SCR with the change
of vehicle speed. It can be seen from the figure that as
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TABLE 5. Vehicle test route composition.

FIGURE 13. Comparison of NOx conversion efficiency between the solid
SCR and the urea SCR.

the vehicle speed increases, the engine workload gradually
rises and the exhaust gas temperature gradually increases;
furthermore, the corresponding NOx conversion efficiency
also increases simultaneously. The solid SCR directly injects
ammonia into the exhaust tailpipe; therefore, there is no risk
of urea crystallization. The starting temperature of solid SCR
urea is adjusted to 160◦C for injection. The vehicle speed is in
the range of 0-40 km·h−1, and the NOx conversion efficiency
is significantly improved. Compared with 200◦C, the solid
SCR system and urea SCR system have increased by 9.7%
and 15.5%. In the range of vehicle speeds>40 km·h−1, while
maintaining the same ammonia nitrogen ratio, the conversion
efficiency is equivalent. Thus, for urban diesel vehicles that
have been operating at low speeds for a long time, using
solid SCR technology and reducing the injection temperature
can effectively improve the NOx conversion efficiency of
pollutants.

The power-based windowmethod divides the experimental
results into several window data subsets suitable for evaluat-
ing the performance of PEMS. The size of the power base
window is the WHTC cycle power of the engine, and the
average specific emission value of all sampling points in the
power basewindow is calculated. Themovement of the power
base window is 1 s, and the process mainly includes a work-
basedwindowmethod and a CO2-basedwindowmethod. The
period of the average window

(
t2,i − t1,i

)
is determined by

equation (6), as follows:

W
(
t2,i
)
−W

(
t1,i
)
≥ Wref (6)

FIGURE 14. Comparison of NOx conversion efficiency between the solid
SCR and the urea SCR with vehicle speed.

W(tj,i) is the engine cycle work from start to time tj,i,
kW.h;Wref is the cycle work of WHTC, kW.h; t2,i,, as shows
in the following equation (7):

W
(
t2,i −1t

)
−W

(
t1,i
)
< Wref ≤ W

(
t2,i
)
−W

(
t1,i
)
(7)

1t is the data sampling period, which is less than or equal
to 1 s. Equation (8) is used to calculate of the emission of each
window and each pollutant as follows:

egas =
m

W
(
t2,i
)
−W

(
t1,i
) (8)

m is the emission quality of each pollutant in
mg·window−1;

(
W2,i −W1,i

)
is the engine cycle power of

the i-th average window, the average power of the effective
window is greater than 20% of the maximum power of the
engine, and the effective window ratio is at least 50%.

Figure 14 shows a comparison of the NOx specific emis-
sions of solid SCR and urea SCR based on the power-based
window method. As seen from the figure, the number of
power-based windows is between [0 20], and the NOx emis-
sions of diesel vehicles matching the urea SCR system are
significantly higher. The results are 2.38 and 1.73 times that
of the solid SCR system at 160◦C and 200◦C, respectively.
The urea SCR pollutant NOx is significantly higher than
the solid SCR system. The main reason is that urea needs
to be hydrolyzed after injection into the exhaust tail pipe.
Pyrolysis can produce reducing agent ammonia gas. If the car
is run for a short period of time, its exhaust temperature has
not reached the appropriate hydrolysis pyrolysis conditions,
and its reducing agent generation rate is low. Therefore, for
vehicles that start and stop frequently, the SCR pollutant NOx
is relatively high in the initial stage.

IV. CONCLUSION
In this paper, the effects of solid SCR and urea SCR on diesel
NOx emissions are studied on an engine bench. The main
conclusions are as follows:

(1) The solid SCR system can carry more effective reduc-
ing agent than the urea SCR system, which is only 1/3 of
the standard urea aqueous solution. This amount helps to
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facilitate the installation and layout of the entire vehicle and
achieve light weight.

(2) The solid SCR directly injects ammonia gas into the
exhaust pipe, which has a lower light off temperature and can
improve the NOx conversion efficiency at low temperatures.
In the WHSC and WHTC cycles, the solid SCR system has a
higher NOx conversion efficiency than the urea SCR system
as 3.3% and 4.5%, respectively. The ammonia storage of the
SCR catalyst decreases as the temperature of the catalyst
increases, and at the same temperature point, as the storage
amount increases, the NOx conversion efficiency increases.
(3) For diesel vehicles in the city that have been operating

at low speeds for a long period of time, using solid SCR
technology and lowering the injection temperature can effec-
tively improve the NOx conversion efficiency of pollutants.
When the vehicle speed is in the range of 0-40 km·h−1,
the solid SCR injection temperature is reduced to 160◦C,
and the NOx conversion efficiency is significantly improved,
which is 9.7% and 15.5% higher than that of 200◦C in the
solid SCR system and the urea SCR system. The number
of power based windows is between [0 20], and the NOx
emissions of diesel vehicles matching the urea SCR system
are significantly higher at 2.38 and 1.73 times that of the
solid SCR system with injection at 160◦C and 200◦C, respec-
tively. The future work needs to do experimental parameter
optimization on solid SCR technology by using artificial
intelligence technology [35], [36].
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