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Abstract: Ammonia, as an alternative fuel for internal combustion engines, can achieve nearly zero
carbon emissions. Although the development of the pure ammonia engine is limited by its poor
combustion characteristics, ammonia-hydrocarbon mixed combustion can effectively improve the
combustion of ammonia fuel. With the increase in the ammonia fuel proportion in the fuel mixture, a
large number of nitrogen oxides (NOx) and unburned ammonia may be discharged, which have a
poor impact on the environment. In this study, the performance of selective catalytic reduction (SCR)
aftertreatment technology in reducing NOx and ammonia emissions from ammonia-diesel dual-fuel
engines was investigated using simulation. A good cross-dimensional model was established under
the coupling effect, though the effect of a single-dimensional model could not be presented. The
results show that when the exhaust gas in the engine cylinder is directly introduced into the SCR
without additional reducing agents such as urea, unburned ammonia flowing into SCR model is in
excess, and there will be only ammonia at the outlet; however, if the unburned ammonia fed into the
SCR model is insufficient to reduce NO, the ammonia concentration at the outlet will be 0. NOx can
be 100% effectively reduced to N, under most engine conditions; thus, unburned ammonia in exhaust
plays a role in reducing NOx emissions from ammonia—diesel dual-fuel engines. However, when the
concentration of unburned ammonia in the exhaust gas of an ammonia-diesel dual-fuel engine is
large, its ammonia emissions are still high even after the SCR. In addition, the concentrations of N,O
after SCR do not decrease, but increase by 50.64 in some conditions, the main reason for which is
that by the action of the SCR catalyst, NO, is partially converted into N,O, resulting in an increase
in its concentration at the SCR outlet. Adding excessive air or oxygen into the SCR aftertreatment
model can not only significantly reduce the ammonia concentration at the outlet of the model without
affecting the NOyx conversion efficiency of SCR, but inhibit N,O production to some extent at the
outlet, thus reducing the unburned ammonia and NOyx emissions in the tail gas of ammonia—diesel
dual-fuel engines at the same time without the urea injection. Therefore, this study can provide
theoretical guidance for the design of ammonia and its mixed-fuel engine aftertreatment device, and
provide technical support for reducing NOx emissions of ammonia and its mixed fuel engines.

Keywords: ammonia—diesel dual-fuel engines; nitrogen oxides emissions; selective catalytic
reduction (SCR); without the urea

1. Introduction

Continually increasing greenhouse emissions caused by human activities have led to
terrible climate change. Millions of people and many natural systems suffer from climate-
related hazards [1]. So, reducing emissions of greenhouse gases such as CO; is an urgent
need to slow global warming [2], and reducing the use of hydrocarbon fuels is key to
reducing emissions. In this scenario, ammonia has been considered as an alternative fuel to
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combustion devices [3,4], particularly in the internal combustion engine [5-10]. The carbon
reduction measures in internal combustion engines mainly include advanced in-cylinder
combustion technology, hybrid power systems, and net-zero carbon fuel combustion tech-
nology, all of which have promoted the development of ammonia as an ideal alternative
fuel for internal combustion engines that emit no carbon dioxide [11]. First of all, ammonia
is a carbon-free fuel; no carbon dioxide is produced during its combustion so the carbon
emission problem would be solved. It is also possible to use renewable energy to produce
ammonia [12,13]. All cycles produce no carbon emissions in their “preparation-use” pro-
cesses [14-16]. In addition, as shown in Table 1, compared to other standard fuels, ammonia
is easy to liquify, while the storage, transportation, and distribution of liquid ammonia are
relatively more accessible and safer compared to hydrogen, and it has high energy density
per unit volume, as well as a high octane number, which is conducive to the populariza-
tion of internal combustion engines. Another advantage of ammonia as fuel is that the
procedures for safe handling of large quantities are well established and documented and
the infrastructure for its transportation by rail, road or pipelines exists in many countries.
The interest in deploying ammonia as a potential low-carbon fuel is increasing, and it is
projected that the ammonia market will grow up to 3% in the upcoming ten years, while
it will be labelled as one of the new conventional fuel sources [17]. However, as shown
in Table 2 and combined with Table 1, the low laminar flame velocity, low calorific value,
high self-ignition temperature, and high ignition energy in the combustion process of pure
ammonia fuel limit its development as a single fuel for internal combustion engines [18,19].

Table 1. Comparison of main physical and chemical properties of ammonia with hydrogen, natural
gas, gasoline and diesel.

Properties Ammonia Hydrogen Hydrogen Natural Gas Gasoline Diesel
Storage method Conl‘igfzzsed Coﬁgfﬁfed Comg;‘zssed Coﬁ}zfl‘izsed liquid liquid
Storage temperature (K) 298 20 298 298 298 298
Storage pressure (kPa) 1030 102 24,821 24,821 101.3 101.3
Autoignition temperature (K) 924 844 844 723 573 503
Flammability limits (Vol. %) 16-25 4-75 4-75 5-15 1.4-7.6 0.6-7.5
Absolute minimum (M]) 8 - 0.02 - 0.14 -
Fuel density @20 °C (kg/m?) 602.8 71.1 17.5 187.2 698.3 838.8
Energy density (MJ/m3) 11,333 8539 2101 7132 31,074 36,403
Octane rating (RON) 130 >130 >130 107 90-98 -

Table 2. Physicochemical characteristics of fuel-air mixture.

Ammonia  Gasoline  Natural Gas Hydrogen  Methanol

Lower heating value

(MJ/kg) 18.8 445 50 120 19.9
Theoretical air/fuel ratio 6.06 14.5 17.16 34.5 6.43
Equivalent mole fraction 0.22 0.02 0.095 0.00296 0.12

Equivalent mole mass
calorific value (kJ/mol) 70.31 95.23 76 71.01 76.42
Laminar flame
velocity@20 °C & 1 atm 7 43 38 351 36

(cm/s)

Based on the above problems and exploration, many studies have shown that the
mixed combustion of ammonia and other promoters can solve the problems about the
combustion characteristics of pure ammonia combustion, and when a small percentage of
other fuels are added as combustion promoters, ammonia can be effectively used as fuel
for internal combustion engines. Among them, hydrogen is certainly the most valuable
since it is carbon-free and has opposed and complementary characteristics to those of
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ammonia [20,21]. Wang et al. [22] showed that most properties of ammonia-hydrogen
combustion could be comparable to that of hydrocarbon fuels under engine-relevant
conditions, and the studies have shown that ammonia and hydrogen mixtures have better
performance and knock resistance at higher compression ratios and are more suitable for
working at higher compression ratios. Li et al. [23] and Frigo et al. [24] found that increases
in ammonia injection pressure and Hj ratio can significantly reduce the ignition delay time
of NHj3 mixtures and promote the ignition of NHj [23,24]. However, the NOx emission
concentration of the mixed combustion of ammonia and hydrogen at full load has reached
1500-1700 ppm, which is unlikely to meet the current emission regulations even with an
aftertreatment [9].

In addition to hydrogen as a combustion promoter, there are also studies on the
combustion experiments of ammonia and the dual-fuel hybrid combustion of other fuels
such as diesel, gasoline or dimethyl ether. Relevant studies showed that with different
proportions of ammonia and gasoline fuel mixed-combustion tests, using ammonia in a
certain operating range presented better engine performance than gasoline alone, and am-
monia could be used instead of gasoline in a limited working range, but its NOx emissions
increased significantly with the increase in ammonia concentrations [14,16,25,26]. Similarly,
combustion experiments on diesel engines with different ammonia and diesel mixture
ratios showed that the fuel consumption of the engine improved, but NOx emissions
increased accordingly [27,28]. Ryu et al. [29] and Gross et al. [30] conducted an engine
experiment about the mixed combustion of dimethyl ether and ammonia, and found that
the in-cylinder combustion pressure and temperature were low and the combustion in the
cylinder was not sufficient, resulting in the deterioration of engine emission performance.

The above-mentioned experimental studies on ammonia and its blends show that the
engine’s fuel consumption improved. The engine significantly reduces carbon emissions
such as CO, with the reduction of the hydrocarbon combustion promoter, but the NOx
emissions dramatically increase. The main reason for the high NOx emissions from the
combustion of ammonia fuel and its blends engines is the high nitrogen content of ammonia.
The NOx emissions can cause a variety of impacts on the environment and the human
body, so the elimination of NOx and other pollutants has become the hottest issue in the
field of air pollution control [31,32].

Under this topic, engine technologies for reducing NOx emissions from ammonia and
its blends can be divided into two categories: advanced in-cylinder combustion control
technology and exhaust gas control technology. Advanced in-cylinder combustion con-
trol technologies mainly include fuel injection control technology, advanced combustion
technology, and exhaust gas recirculation (EGR) technology [33]. Since the research on
ammonia and its blends engines is still in its infancy, even combined with the traditional
internal combustion engine emission reduction research status, to meet NOx emissions
standard from ammonia and its blends simply using advanced in-cylinder combustion con-
trol technology engines is almost impossible. In addition, the simulation and comparison
of engine emissions in the current literature are mostly the analysis of single-dimensional
results. For example, it is mentioned in the literature that a three-dimensional ammonia
engine model is established to evaluate the performance and emission characteristics of
the ammonia engine, including the NOx and CO, emission levels of the engine and the
unburned ammonia gas. Although the NOx emission of this operation mode can reach
the limit of Tier II emission, most of them do not consider the level change in N,O emis-
sions [34,35]. In recent years, the application of SCR technology in NOx exhaust control
has been favored by the automotive industry, not only because of its high conversion rate,
good selectivity, strong practicality and other characteristics, but also because of the lower
cost of SCR technology compared with other systems [36]. Moreover, related studies show
that SCR aftertreatment technology is a powerful means to greatly reduce nitrogen oxide
emissions from ammonia and its mixed fuel engines [37,38]. However, in the validation of
SCR models and in the emission literature, most studies are one-dimensional simulations
of the possibility of using residual ammonia in the ammonia—diesel dual fuel to activate
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selective catalytic reduction (SCR) systems, indicating that residual ammonia from the
dual fuel compression engine can be successfully run into the aftertreatment SCR model.
However, the author did not establish the relationship between the three-dimensional
engine model and the one-dimensional SCR aftertreatment model [39,40].

In short, SCR aftertreatment technology is crucial in reducing ammonia engine emis-
sions, and increasingly stringent emission regulations drive its hybrid fuel engines for-
ward [41-43]. However, single-dimensional simulation results alone cannot realize the
relationship between a one-dimensional model and a three-dimensional model and their
respective algorithm advantages. Therefore, the author first coupled a set of simplified
chemical reaction kinetics mechanisms for ammonia-diesel dual-fuel to a 3D CONVERGE
ammonia—diesel dual-fuel engine and verified its in-cylinder combustion with the help of
engine test data. Then, the one-dimensional SCR post-processing model verified by the
test was coupled with the engine model. The author analyzed the efficiency of SCR in
reducing the NOx emission of the engine under different operating conditions of ammonia
and its mixed-fuel engine. The strategy is presented here of “adding excessive air” for SCR
to achieve removal of ammonia NOx and inhibit N,O production at the same time under
certain engine operating conditions without the urea. The design of the aftertreatment de-
vice provides theoretical guidance and technical support for reducing the NOx emission of
ammonia and its mixed-fuel engine. The difference from the traditional SCR aftertreatment
device is that the incompletely combusted ammonia in the engine is directly fed into the
SCR model to explore the emission reduction efficiency of the model under different engine
operating conditions; however, the traditional SCR only relies on the spray reduction of
urea aqueous solution.

2. Model Validation and Research Method
2.1. The Engine Model and Its Validation

The engine model of Niki et al. [44] is the basis for the establishment of the 3D
CONVERGE engine model in this study, which is a naturally aspirated single-cylinder
diesel engine. Its structure and operating parameters are shown in Table 3, among which
0 °CA is defined as the crankshaft rotation angle corresponding to the top dead center.

Table 3. Engine structure and operating parameters.

Parameters Value
Bore x stroke (mm) 112 x 110
Rated speed (rpm) 1500
Diesel injection time (°CA ATDC) -8
Diesel injection quantity (mg) 27.2
Ammonia flow rate (L/min) 13.3

Based on the 3D simulation software CONVERGE, the calculation grid of the ammonia—
diesel dual-fuel engine is established, including the combustion chamber and the fuel
injection valve, as shown in Figure 1. It should be noted that the diesel fuel is introduced
by high-pressure direct injection into the cylinder and ammonia is injected into the inlet.
The parameters of the diesel injector are shown in Table 4. The model adopts the simplified
mechanism of ammonia/n-heptane dual fuel with 13.3.
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Figure 1. Schematic diagram of 3D model of ammonia-diesel dual-fuel engine.

Table 4. Parameters of diesel injection.

Parameters Value

Numbers of injector x hole 1x4
Nozzle diameter (mm) 0.31

Spray duration (°CA) 8.903
Injection pressure (MPa) 18

To consider the calculation accuracy and efficiency, after analyzing the grid sensitivity,
the actual grid size is set to 2 cm, the minimum grid size for local refinement is 5 mm, and
an adaptive mesh refinement (AMR) based on velocity and temperature is added. The
maximum number of calculation grids is about 1.2 million, which can realize efficient and
high-precision calculation. Figure 2 shows the comparison of cylinder pressure and heat
release rate calculated by experiment and simulation; the experimental data are from the
study of Niki et al. [44]. The red dotted line represents the cylinder pressure and heat
release rate in the three-dimensional simulation, while the black solid line represents the
cylinder pressure and heat release rate in the experimental results. The cylinder pressure
was measured by a pressure transducer with a charge amplifier (Kistler 601 A and Type
5011). The cylinder pressure was measured every 1 crank angle degree and averaged
50 engine cycles. The gas analyzer measures multi-gas components at the same time. This
analyzer can sample the hot exhaust gas. Its sampling line and sapling filter are heated
to 191 °C. Thus, the NHj3 in exhaust gas containing H,O can be detected precisely. The
maximum burst pressure of the experiment is 6.2 MPa, the simulated value is 6.03 MPa, and
the error is 2.7%; The crankshaft rotation angle corresponding to the experiment CA50 is
12.6 °CA, the simulation value is 10.05 °CA, and the error is 2.55 °CA. Under this condition,
the experimental NO emission is 662 ppm, the NO emission predicted by the model is
573.6 ppm, and the error is 13.3%. Because the model can only reflect the results of the
experiment to a large extent, it cannot fully present the results of the experiment, which is
inevitable. The article cited that the prediction error of pollutants in the calibration content
of the aftertreatment model had exceeded 10%. Generally, the prediction range of gas
concentration within 15% is reasonable. Moreover, the cylinder pressure and heat release
rate calculated by the simulation are in good agreement with the experimental results.
That is, the model can accurately predict the actual working process of the engine and the
emission of nitrogen oxides.
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Figure 2. Comparison between simulation and experiment results of combustion pressure and heat
release rate in cylinder.

2.2. The SCR Model and Its Validation

In addition to the research focus on ammonia—diesel dual-fuel engines and high NOx
emissions, the emission of unburned NHj is also a big challenge due to the toxic and
corrosive properties of ammonia. In order to explore the reduction effect of the remaining
NH3 on NOx in the cylinder under the coupling of SCR aftertreatment technology, the
SCR aftertreatment model built by Li et al. [45] was coupled to the above ammonium-—
diesel dual-fuel engine. The evolution of NOx without adding ammonia to the SCR
system was analyzed. GT-power is used to establish the SCR quick-reaction kinetic model
based on the reaction mechanism of Pant’s Cu-based zeolite [46]. The model is based on
the following assumptions. (1) When calibrating the SCR model, to simplify the model
processing, gaseous NHj is directly injected into the reactor without considering the
spray and hydrolysis process of urea solution. The SCR reaction is described by the E-R
mechanism [47], which considers that the response occurs between adsorbed NHj3 and
NOx in gas phase or weakly adsorbed state. The physical model of the SCR is shown in
Figure 3. The model parameters are shown in Table 5, and the size of the model is modified
based on the parameters mentioned earlier of the ammonia—diesel dual-fuel engine.

Frontal Area
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I Wwall
Thickness
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Figure 3. Cont.
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Figure 3. Schematic diagram of SCR model. (a) SCR physical model. (b) SCR one-dimensional model.

Table 5. Parameters of SCR mode.

Parameters Value
Cross sectional area (cm?) 558.386
Length (cm) 2.464
Cell density (cpsi) 400
Wall thickness (cm) 0.010

As shown in Figure 4, according to the ER mechanism, the primary reaction process of
NHj selective catalytic reduction of NO is as follows:

(1) NH; is adsorbed on the active site of the catalyst through external and internal
diffusion;

(2) NO diffuses externally and internally to the adsorbed NHj surface;

(3) Catalytic reaction between gaseous NO and adsorbed NHj to generate N, and H,O.

Table 6 shows the main reactions in the SCR catalytic converter. As shown in Reactions
1 and 2, NH3(g) in the exhaust pipe is first adsorbed to the empty active site Oy, of the
catalyst and becomes adsorbed NH3*. Adsorption occurs when the adsorption rate is
higher than the desorption rate.

Table 6. Main reactions and expressions in SCR catalytic converters.

Reactions Reaction Expressions Pﬁfﬁ%ﬁ?::t E‘:::;‘;a;;gﬂ)l No.
Adsorption NH3(g) + 64, — NH3z* 45 0 1
Desorption NHz* — NH3(g) + 040 249 x 10° 0 2
NHj; Oxidation 4NHj 450, — 4NO + 6H,O 1.39 x 10° 63,800 3
Standard SCR 4NH3*+4NO + Oy — 4N +6H0 + 464 3.18 x 108 88,000 4
Fast SCR 2NHgz* +NO + NO; — 2N +3H0 + 204 2.33 x 107 32,100 5
Slow SCR 4ANH3*+3NO; — 3.5N2+-6H70 + 404 4.24 x 10° 58,300 6
Formation N,O 2NH3*+2NO; — N2 +N7O + 3Hp0 + 20e 3.07 x 10* 48,200 7
NO Oxidation NO +0.50; = NO, 3.63 32,100 8

Reactions 4, 5 and 6 only occur between NOx in the exhaust pipe and NH3* in the
adsorbed state. The specific reactions involved in the reaction process are related to the
ratio of NO, to NOx. When the ratio of NO; to NOx is 1, only Reaction 6 occurs; the ratio
is between 1 and 0.5, reaction 5 occurs first, while the remaining NO; reacts as per 6. If the
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ratio is 0.5, Reaction 5 occurs. When the ratio is between 0.5 and 0, Reaction 5 occurs first
and the remaining NO participates in Reaction 4. If there is no NO; in the exhaust pipe,
that is, the ratio is zero, NO participates in Reaction 4. Reaction 7 represents the formation
of N»O. Reaction 8 represents the oxidation of NO to NO,.

When the concentration of NOx in the exhaust is too low or the concentration of
gaseous NHs(g) is too high, the consumption rate of adsorbed NH3* in SCR is slow, and the
accumulated adsorbed NH3* will exceed the maximum ammonia storage capacity of SCR,
so that the SCR no longer has the required ammonia adsorption capacity, resulting in the
direct emission of gaseous NH3(g). In addition, adsorption NH3* oxidation side Reaction
3 occurs in the SCR at high temperatures (>400 °C). If there is no SCR catalytic converter,
then the above reactions will not occur, and gaseous NH3 and NOx in the exhaust pipe will
be directly discharged into the atmosphere, causing environmental pollution.

It can be seen that the NH3 adsorption and desorption reaction is an essential part of the
standard SCR reaction. Therefore, the validation of ammonia adsorption and desorption
is crucial. Figure 5 shows the comparison between the simulation results of the NH3
adsorption and desorption model and the experimental results; data were obtained from
the experimental test, and catalyst sample test data is provided by catalyst supplier. As
shown in Figure 5, it can be seen that no matter the process of isothermal adsorption,
isothermal desorption, or desorption at elevated temperature by which the reaction occurs,
the errors between the simulation results and the experimental data are all within an
acceptable range. The isothermal process takes place from 0 to 3500 s, and after 3500 s is
the heating phase. This shows that the SCR model can describe the ammonia adsorption
and desorption process of the coated honeycomb SCR catalyst.

NO

diffusion

Figure 4. Schematic diagram of E-R mechanism.
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Figure 5. Comparison between NHj3 adsorption and desorption experiment and simulation results.

The essential evaluation indicators are the ammonia storage capacity of the catalyst,
the ammonia oxidation efficiency, and the NOx conversion efficiency. Figure 5 shows the
verification results of the ammonia storage capacity of the SCR. Figure 6 compares the
model ammonia oxidation efficiency and the experimental ammonia oxidation efficiency at
different temperatures. As shown in Figure 6, the error between the ammonia oxidation
efficiency predicted by the model and the ammonia oxidation efficiency measured by
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the experiment is acceptable at different temperatures. This shows that the SCR model
can reasonably predict the oxidation performance of ammonia under other temperature
conditions. It can be seen from the figure that with the increase in temperature, the activity
of the catalyst is more substantial; that is, the ammonia oxidation efficiency is higher.
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Figure 6. Comparison between experimental and simulation results of ammonia oxidation efficiency.

Figure 7a compares the standard SCR reaction NOx conversion efficiency test results
and simulation results. The figure shows that the experimental results are consistent with
the temperature range of high NOx conversion efficiency simulation results. Figure 7b
compares the experimental results and the fast SCR reaction NOx conversion efficiency
simulation results. As shown in the figure, similarly, in the temperature range of high NOx
conversion efficiency, the experimental results are consistent with the simulation results.
Figure 7c compares the experimental results and the slow SCR reaction NOx conversion
efficiency simulation results. As shown in the figure, although there is a difference between
the experimental results and the simulation results in the low-efficiency temperature range,
the error is within an acceptable range; moreover, in the high-efficiency NOx conversion
temperature range, the experimental results are consistent with the simulation results.
Therefore, it shows that the SCR model can predict the NOx conversion efficiency with
different reaction speeds under other temperature conditions.
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Figure 7. Comparison of NOx conversion efficiency experiment and simulation results. (a) Com-
parison of standard SCR efficiency between experiment and simulation. (b) Comparison of fast
SCR efficiency between experiment and simulation. (c¢) Comparison of slow SCR efficiency between
experiment and simulation.
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2.3. Research Method

The primary method of this study is to couple the one-dimensional SCR aftertreatment
model with the three-dimensional CONVERGER engine model and analyze the NOx
conversion efficiency of the SCR aftertreatment model under different engine operating
conditions. That is, the three-dimensional engine-related output emission parameters are
used as the input parameters of the one-dimensional SCR model. This enables coupling
between models across dimensions. At the end of the simulation of the verified three-
dimensional CONVERGE engine model, the output data include the content distribution
data of each emission in the cylinder of the engine model and the mass distribution
of unburned ammonia and nitrogen oxides, but the mass distribution of emissions in
the cylinder is not uniform. Firstly, to facilitate the analysis and calculation of relevant
parameters, it is divided into grids with seemingly uniform emission quality in a small unit,
such as the division method in Table 7 Step 1. Then, the unburned ammonia and nitrogen
oxides in these grids are added to obtain the total unburned ammonia and nitrogen oxides
in the cylinder with Step 2. In Step 3, the ratio f (mass fraction) obtained from the total mass
of unburned ammonia and the total mass of nitrogen oxides can be used as the parameters
of the one-dimensional SCR post-processing model. Similarly, other emissions can be used
to input parameters into the one-dimensional SCR model.

Table 7. The main steps of transforming the output data of three-dimensional CONVERGE engine
model into input parameters of the one-dimensional SCR aftertreatment model.

Step 1: Step 2: Step 3:

1 2 3 ) )

n s —
1 5 B Y1 mam, () One d.1men510nal SCR model

input parameters:
n i _ Xitimam (3)
Y1 Miotar (1) f= m
n

Table 8 shows the main residual exhaust gas components and their proportions after
in-cylinder combustion under three operating conditions for the ammonia—diesel dual-
fuel engine, for which data were obtained using the above method. The three working
conditions are random and different, but they have not reached the highest working
condition of the engine, because the author needs to ensure that the exhaust temperature is
within the temperature range of catalyst decomposition efficiency of nitrogen oxides, and
there should be unburned ammonia in the excess state. It can be seen from Table 8 that the
main residual waste in the cylinder of the ammonia—diesel dual-fuel engine is not only NOx,
but also a large amount of incompletely combusted ammonia, and the suitable temperature
range of the catalyst is an important basis for the selection of these three working conditions.
In addition, the proportion of unburned ammonia in the total emissions and the influence
of a small amount of ammonia on NOx reduction are also considered. Based on this, this
study mainly investigates the reduction effect of the residual NHj3 in the cylinder on the
residual NOx when coupled with the SCR aftertreatment technology. This research aims to
explore the effect of SCR on the emission reduction of unburned ammonia and nitrogen
oxides of ammonia-diesel duel-fuel engines without additional urea, which is in the case
without adding reducing gases such as ammonia into the model.

Table 8. Main residual exhaust gas and its concentration in the cylinder under different working
conditions based on the 3D CFD simulation results.

Example NH; (ppm) NO (ppm) NO; (ppm) N>O (ppm) Tem[E:r};::rset e
Case 1 1137.00 402.37 29.73 5.86 369
Case 2 1202.12 462.01 34.59 11.03 371

Case 3 720.70 437.37 59.53 16.64 369
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3. Results and Analysis
3.1. NOx Emission Reduction Efficiency Analysis

Firstly, the NOx treatment results of the SCR model for Case 1 in Table 6 were analyzed.
The NHj3 concentration input to the model was 1137.00 ppm, and no additional urea was
added to the model. Figure 8a shows the NO emission reduction results of the SCR model.
As shown in the figure, under the action of the catalyst, when a specific concentration of
NO is introduced into the model, NO will be rapidly reduced to N, and in this process,
the emission of NO, is reduced; because the remaining NHj in the cylinder is in excess,
the time for NO reduction is short, and the NO concentration at the SCR outlet is close to
0 after just 100 s. Figure 8b shows this model’s NO, emission reduction results. As shown
in the figure, since the emission of NO, in the cylinder is relatively low and the amount
of NHj introduced is excessive, NO; can be quickly reduced. From the comparison of
N,O concentration at the inlet and outlet of the model in Figure 8c, it can be seen that the
concentration at the N> O outlet is increased by 50.64% relative to the inlet. However, since
the emission of NyO in the cylinder is relatively small, the amount of N,O at the outlet of
the model is also relatively small. However, even after the catalytic treatment of the SCR
aftertreatment model, the emission of non-ammonia is still not optimistic, and the emission
of NO only increases and does not decrease. From the comparison of NH3 concentrations
at the inlet and outlet of the SCR model in Figure 8d, it can be seen that the amount of
NHj3 used to reduce NO is about half of the initial NH3 amount. Therefore, the amount
of ammonia introduced is in an excess state, and some ammonia is also adsorbed on the
inner surface of the SCR; with this, the residual waste after the ammonia—diesel dual fuel
is directly burned in the cylinder is passed into the SCR after-treatment device. Not only
does it not need to add additional urea to the device, but it also reduces NO and unburned
NHj3 emissions.
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Figure 9a shows the result of NO treatment of Case 2 by the SCR model. Compared
with Figure 8a, it can be found that because there is a small difference in NO content
between the inlets in Case 1 and Case 2, the treatment results are roughly the same; NO
with a certain concentration is rapidly reduced to Ny, thus reducing NO emission. Then,
combined with the NO, emission reduction results of the SCR model in Figure 9b, it can be
seen that under suitable temperature conditions, NO; can also be efficiently and rapidly
reduced to Ny, thereby reducing emissions. Combined with the processing results of
Case 1 and Case 2 by the SCR model, it can be seen that the proportion of incompletely
combusted ammonia in the combustion process of the ammonia—diesel dual-fuel engine
is relatively large. The exhaust gas of the engine is directly passed into the aftertreatment
without additional urea or NH3; under suitable exhaust temperature, NOx is efficiently
and quickly reduced to Nj, and the corresponding emission of NH;z can also be reduced.
Therefore, for ammonia and its dual-fuel engine exhaust emissions, the application of SCR
aftertreatment technology can efficiently and quickly minimize NOx emissions and reduce
unburned ammonia emissions, playing a dual role in reducing emissions. Figure 9d shows
the comparison of the treatment results of NHj in Case 2 by the SCR model. As shown
in the figure, the concentration of ammonia at the outlet of the SCR is reduced by nearly
56.74% relative to the inlet, which significantly reduces the emission of unburned ammonia.
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Figure 9. Comparison of NOx and unburned ammonia concentrations at the SCR inlet and outlet in
Case 2. (a) NO concentration on entrance and export. (b) NO, concentration on entrance and export.
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To further analyze the effect of a smaller amount of NH3 on NOx reduction compared
to Case 1 and Case 2, the NOx treatment results of the SCR model for Case 3 in Table 6 were
analyzed; the unburned ammonia concentration was lower under this condition. Figure 10a
compares NHj concentration at the inlet and outlet of the SCR model in case 3. As shown
in the figure, the NHj3 concentration at the outlet of the model is almost 0, indicating that
all the NH3 introduced into the SCR model was adsorbed by the SCR and put into the
reduction of NOx. Figure 10b shows the comparison of NO concentration at the inlet and
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outlet of the SCR model. As shown in the figure, in the case of an appropriate amount of
ammonia, SCR can still efficiently reduce NO to Nj. Nevertheless, NO reduction is slower
compared with the excessive amount of ammonia. As shown in Figure 10c SCR model
for NO,, the theoretical results show that, similarly, NO, can also be efficiently reduced to
Ny, and the time required is correspondingly about five times as long. Figure 10d shows
the change in N,O at the entrance and exit of the SCR model. As shown in Figure 10, the
concentration of N,O at the model’s export has increased.
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Figure 10. Comparison of NOx and unburned ammonia concentrations at SCR inlet and outlet in
Case 3. (a) NH3 concentration on entrance and export. (b) NO concentration on entrance and export.
(c) NO; concentration on entrance and export. (d) N,O concentration on entrance and export.

Based on the above analysis, it can be seen that when the ammonia—diesel dual-fuel
engine is combusted, the residual ammonia in the cylinder can be directly introduced into
the SCR aftertreatment device as a reducing gas; thus, under the action of the catalyst, the
exhaust NOx under the same engine operating conditions can be reduced. It is efficiently re-
duced to N, and thus reduces its emissions. However, when the concentration of unburned
ammonia in the exhaust gas of the ammonia-diesel dual-fuel engine is relatively large, an
additional ammonia oxidation catalyst system will be required. In addition, it can be seen
that N, O concentration of ammonia-diesel engine exhaust gas will not decrease after SCR
treatment, but also increase. The main reason is that NO; will be partially converted into
N,O under the action of the SCR catalyst, resulting in an increase in the concentration at the
outlet. With the popularization and widespread use of ammonia-fueled engines, massive
N,O emissions will become an urgent problem to be solved under the circumstance that
conventional SCR aftertreatment technology cannot reduce N,O emissions. Furthermore,
although the content of N,O in the atmosphere is very low, its single-molecule warming
potential is 298 times that of CO,; that is, the greenhouse effect it can cause is 298 times
that of CO,. It is listed as the third largest greenhouse gas after CO, and CHy. In second
place, methane is 23 to 25 times more potent as a greenhouse gas than CO,. Therefore, the
next section will analyze N;O emission reduction measures.
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3.2. Analysis of N,O Generation, Decomposition Mechanism, and Emission Reduction Measures
3.2.1. N,O Generation Mechanism and Decomposition Mechanism

Due to the different environmental conditions, such as the mixture composition and
temperature in the combustion chamber at other times, the formation mechanism of N,O
is very complicated. The formation stages of N,O are simplified into three steps: early
combustion, middle combustion and late combustion. The research content of Yu et al. [48]
includes the chemical reaction formula of N, O formation from the mixture in the cylinder
at these three stages. It is worth mentioning that the engine studied by Yu et al. is powered
by gasoline, and for the combustion of ammonia and its blends, it can be concluded that
the generation of N,O mainly depends on the reaction NH; + NO, = N,O + H,O; therefore,
this chemical reaction pathway needs to be analyzed in combination with relevant studies
by Yu et al. In a three-way catalytic converter (TWC), molecules such as NO and CO
are adsorbed on the catalyst surface, and NO is partially reduced to N,O. This is similar
to the principle that conventional SCR cannot reduce N,O. Therefore, neither TWC nor
conventional SCR can reduce N,O emissions.

For N,O in-cylinder decomposition, in the case of traditional hydrocarbon fuel com-
bustion, its decomposition is mainly in the middle and late stages of combustion. At this
time, the in-cylinder combustion temperature exceeds 2000 °C. Due to the short combustion
duration, the incomplete combustion of CO, OH and other reducing molecules will reduce
N;O to Ny. In the reaction involving NH3, the in-cylinder decomposition of N,O mainly
reduces it to N, with the help of reduction by the free hydrogen atom. Combined with
the above analysis, the in-cylinder decomposition of N,O has stringent requirements on
temperature and concentration of reactants, so it is necessary to reduce N,O emissions
using out-of-cylinder aftertreatment technology.

3.2.2. Analysis of NpO Emission Reduction by SCR after Treatment Technology

The studies of Daniells et al. [49] and Borsari et al. [50] showed that the catalyst of
TWC can promote the reduction of N,O to N, by CO when the temperature exceeds 400 °C.
The studies of Liu et al. [51] showed that oxidation catalytic can reduce N,O emissions from
gasoline engine exhausts and that secondary gas supplementation technology can further
reduce N,O emissions from gasoline engine exhausts. Therefore, TWC can reduce N,O
emissions at high temperatures, but TWC generates N,O when treating NO; Oxidation
catalytic can reduce N»O emissions, but cannot treat NOx; oxidation catalytic couple
with secondary gas supplementation technology can further reduce N,O. Therefore, it is
reasonable to speculate that oxygen supplementation technology is beneficial in reducing
N,O without oxidation catalytic.

Combined with the above research and analysis, it can be seen that feeding air or
oxygen into the aftertreatment device can reduce the emission of N,O; therefore, this study
explores the effect of providing oxygen into the above SCR model on transform effects of
N,O, NHj3, and NOx. As shown in Figure 11, before and after the introduction of oxygen
into the model, the change in NO concentration had no significant impact; in contrast, the
evolution of NO, concentration was substantial, mainly because after the introduction
of oxygen, at low temperature (362 °C) and the action of the catalyst, NO reacts with
oxygen first to generate NO,, leading to a sharp increase in the concentration of NO;. The
concentration of ammonia at the outlet of the device is close to zero after the entire reaction
is completed; and the introduction of oxygen into the model resulted in a decrease in the
N;O concentration at the outlet of the model, but the difference was not significant.

Therefore, the use of SCR technology can reduce NOx and NHj3 emissions, but will
increase NoO emissions. Secondary oxygen supplementation technology can further reduce
excess NHj and inhibit N;O production within SCR to some extent, but will not reduce
N,O production obviously. For example, the basic N,O at the inlet of SCR is 100 ppm, and
the secondary oxygen supplementation technology is used, the N,O at the outlet of SCR is
slightly lower than 100 ppm. However, if the secondary oxygen supplementation technol-
ogy is not adopted, when the basic N,O at the inlet of SCR is 100 ppm, the N,O at the outlet
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of SCR may reach 150 ppm. Secondary oxygen supplementation technology needs to be
combined with oxidation catalytic to reduce N,O. Therefore, the recommended ammonia—
diesel dual fuel engine aftertreatment configuration is SCR + oxygen supplementation +
oxidation catalytic.
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Figure 11. Changes in NOx and ammonia concentrations at the inlet and outlet of the SCR model
before and after oxygen was introduced in Case 2. (a) NO concentration on entrance, export and
ventilation with oxygen. (b) NO, concentration on entrance, export and ventilation with oxygen.
(c) N2O concentration on entrance, export and ventilation with oxygen. (d) NH3 concentration on
entrance, export and ventilation with oxygen.

4. Conclusions

The ammonia-diesel dual-fuel engine inevitably emits large amounts of unburned
ammonia and nitrogen oxides, which must be dealt with by the post-processor. So, in this
study, the SCR aftertreatment model was first coupled with the 3D CONVERGE ammonia—
diesel dual-fuel engine model in a one-dimensional form; according to parameters such
as engine size, the aftertreatment model was modified to match the engine operating
conditions; the test data verified the engine model and the SCR aftertreatment model,
and verified the feasibility of the model. Then, according to the verified model, without
additionally feeding reducing gases such as ammonia into the SCR model, the incompletely
combusted ammonia in the diesel dual-fuel engine was fed into the SCR model to simulate
the conversion efficiency of NOx under the corresponding working conditions. Finally,
because the conventional SCR model could not reduce the N,O emission, the SCR model
was treated with oxygen and its effect on reducing N»O emissions was analyzed. The main
conclusions are as follows:

(1) A 3D ammonia—diesel dual-fuel engine model and 1D SCR aftertreatment model
is developed and validated, the maximum burst pressure error is only 2.7%, and
the two models are coupled across dimensions for the study of ammonia and NOx
removal effects. The effect that could not be presented by a single-dimensional
simulation was obtained. The current study is based on the model, and the final actual
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test verification of the engine aftertreatment joint platform has not been conducted.
Subsequent relevant experiments will be further conducted to explore topics such as
the influence of different combustion strategies and fuel injection strategies under
working conditions on the nitrogen oxides and unburned ammonia in engine raw
and pipe emissions.

(2) On the premise that there is no need to inject ammonia and other reducing agents
into the SCR, when the exhaust gas in the cylinder of an ammonia-diesel dual-fuel
engine is isothermally passed into the model, NO and NO, can be 100% efficiently
reduced to N; regardless of whether the ammonia concentration in the exhaust gas is
excessive or equal NOx is present in engine exhaust pipes, thereby reducing the NOx
emissions of the ammonia-diesel dual-fuel engine. However, when the concentration
of unburned ammonia in the exhaust gas of the ammonia—diesel dual-fuel engine is
large, the ammonia emission is still very high even after SCR aftertreatment. After
SCR treatment, the concentration of N,O in the exhaust gas of the ammonia—diesel
dual-fuel engine has not decreased, but increases by about 50%. The main reason is
that NO, will be partially converted into N;O under the action of the SCR catalyst,
resulting in an increase in the concentration at the outlet.

(3) To achieve simultaneous removal of unburned ammonia, NOx and N,O, SCR +
secondary oxygen supplementation and an oxidation catalyst are required. SCR
mainly carries out the removal of NO, NO, and part of NH3, secondary oxygen
supplementation mainly removes excess ammonia, and an oxidation catalyst is used
for NoO removal. Injecting excess air or oxygen into the SCR aftertreatment model
can not only significantly reduce the ammonia concentration at the outlet of the
model without affecting the conversion efficiency of SCR to NOyx, but also inhibit the
formation of N>O within SCR, reducing the emissions of unburned ammonia and
NOy in the exhaust of ammonia-diesel dual-fuel engines. This ammonia (fuel)-SCR
(without urea) system is one of the internal combustion engine technology routes to
achieve zero carbon and nitrogen oxide emissions. Therefore, policy makers should
support the vigorous development of internal combustion engines along this route,
and explore the technical route for the engine to achieve high-ammonia fuel occupancy
under all working conditions without additional urea injection.
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