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Abstract: Ammonia, as a hydrogen carrier and an ideal zero-carbon fuel, can be liquefied 

and stored under ambient temperature and pressure. Its application in internal 

combustion engines holds significant potential for promoting low-carbon emissions. 

However, due to its unique physicochemical properties, ammonia faces challenges in 

achieving ignition and combustion when used as a single fuel. Additionally, the presence 

of nitrogen atoms in ammonia results in increased  NOx emissions in the exhaust. High-

temperature selective non-catalytic reduction (SNCR) is an effective method for 

controlling flue gas emissions in engineering applications. By injecting ammonia as a 

NOx-reducing agent into exhaust gases at specific temperatures, NOx can be reduced to 

N2, thereby directly lowering NOx concentrations within the cylinder. Based on this 

principle, a numerical simulation study was conducted to investigate two high-pressure 

injection strategies for sequential diesel/ammonia dual-fuel injection. By varying fuel 

spray orientations and injection durations, and adjusting the energy ratio between diesel 

and ammonia under different operating conditions, the combustion and emission 

characteristics of the engine were numerically analyzed. The results indicate that using 

in-cylinder high-pressure direct injection can maintain a constant total energy output 

while significantly reducing NOx emissions under high ammonia substitution ratios. This 

reduction is primarily attributed to the role of ammonia in forming NH2, NH, and N 

radicals, which effectively reduce the dominant NO species in NOx. As the ammonia 

substitution ratio increases, CO2 emissions are further reduced due to the absence of 

carbon atoms in ammonia. By adjusting the timing and duration of diesel and ammonia 

injection, tailpipe emissions can be effectively controlled, providing valuable insights into 

the development of diesel substitution fuels and exhaust emission control strategies. 

Keywords: zero-carbon fuel; high temperature selective non-catalytic reduction; diesel 

ignition; engine emission characteristics 

 

1. Introduction 

Ammonia (NH3), as a zero-carbon fuel, benefits from a well-established production 

process. Compared to hydrogen, another zero-carbon fuel, ammonia offers advantages 

such as higher energy density and easier storage and transportation. However, its high 

auto-ignition temperature and low laminar flame speed present challenges in terms of 

combustion heat release and emission control in engines. Currently, there are two main 
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methods for achieving ammonia combustion in diesel engines: 1. Introducing ammonia 

through the intake manifold, where it forms a combustible mixture with air during the 

intake valve lift before entering the cylinder. 2. Directly injecting ammonia into a high-

pressure liquid state into the cylinder. However, achieving compression ignition with 

pure ammonia using direct injection is difficult. Therefore, auxiliary fuels or ignition 

methods are required to facilitate the combustion process and enable ammonia’s diffusion 

of combustion and heat release [1–4]. 

Li et al. [5] compared the combustion and emission characteristics of dual-fuel low-

pressure and high-pressure injection modes. The results showed that high-pressure direct 

injection enables a higher ammonia substitution ratio and reduces NOx emissions and 

ammonia slip while maintaining a thermal efficiency similar to pure diesel. Stephanie 

Frankl et al. [6] conducted numerical studies on high-pressure dual-fuel direct injection of 

ammonia, demonstrating that ammonia can burn efficiently and stably under high-

pressure injection. Higher injection pressures and fuel temperatures positively impact 

thermal efficiency. According to the studies by Reiter and Kong [7,8], using ammonia 

introduced through the intake port and ignited by diesel while maintaining the original 

diesel injection system resulted in overall thermal efficiencies of 33–38% when ammonia’s 

energy substitution ratio was 40–80%. However, at a 95% substitution ratio, the efficiency 

dropped to 19%. Compared to pure diesel combustion, premixed combustion with 

ammonia significantly increases hydrocarbon and carbon monoxide emissions, while 

higher ammonia substitution rates further increase NOx emissions. Zhang et al. [9] used 

numerical simulations to study high-pressure direct injection (HPDI) of liquid ammonia 

in a four-stroke engine, comparing the combustion and emission characteristics under 

varying ammonia ratios, injection timings, and spray orientations. The results indicated 

that liquid ammonia HPDI alters the combustion mode, improves fuel–air mixing, 

achieves more complete combustion, and significantly reduces greenhouse gas emissions 

compared to pure diesel mode. Yang et al. [10] investigated high-pressure direct injection 

post-injection strategies for diesel/ammonia dual-fuel combustion. Their findings 

revealed that optimizing the post-injection timing could reduce NOx emissions. 

Nevertheless, higher thermal efficiency is inevitably accompanied by increased NOx 

emissions, particularly in liquid ammonia combustion, where the nitrogen atoms in 

ammonia contribute to significant fuel-based and thermal NOx formation. Existing 

studies indicate that high-pressure injection strategies can achieve high ammonia 

substitution ratios while significantly lowering NOx emissions. 

NOx reduction technologies include internal reduction methods and external 

exhaust after-treatment. Most research focuses on selective catalytic reduction (SCR) 

technologies for post-exhaust treatment, where additives can be supplemented under 

certain conditions to aid the reduction process. In contrast, selective non-catalytic 

reduction (SNCR) technology applied within the engine cylinder remains in the 

theoretical stage. This study uses numerical simulation to investigate the effects of dual 

direct injection of diesel and ammonia on combustion and emissions. Key engine 

performance parameters, such as cylinder pressure, temperature, and heat release rate, as 

well as the total generation of NOx emissions, were analyzed under various blending 

ratios and injection sequencing strategies. 

2. Methodology 

2.1. Model Establishment 

The MAN L23/30H engine was selected as the research object, with its key structural 

parameters listed in Table 1. Based on the piston geometry, the sector module in the 

CONVERGE software was used to extract the piston’s geometric profile and reconstruct 

the combustion chamber model. Since the combustion chamber exhibits axial symmetry 
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and the eight spray holes are uniformly distributed, a 1/8 sector model was adopted to 

simplify the simulation and conserve computational resources. In this study, a dual-

nozzle in-cylinder direct injection strategy was employed to organize fuel combustion. 

Referring to the dual-fuel injection strategy achieved in [11], which combines diesel with 

low-carbon fuels, the spray cone angles for diesel and ammonia were configured to 

overlap in a staggered manner. In the XY plane, the interval angle ‘α’ between the diesel 

and ammonia sprays was set to 22.5°, ensuring a centrally symmetric and uniform fuel 

spray distribution after coupling on the full model. In the XZ plane, the diesel spray tilt 

angle was set to 70°, while the ammonia spray tilt angle was 65°, with an interval angle 

‘β’ of 5°. Both the diesel and ammonia spray cone angles were set to 14°. The resulting 

simulation model at the top dead center (TDC) is shown in Figure 1. The chemical reaction 

mechanism used in this study is the multi-component mechanism proposed by Xu [12], 

consisting of 69 species and 389 elementary reactions. This mechanism has been validated 

for simulating the blending combustion process in diesel/ammonia dual-fuel engines. 

  

Figure 1. Geometric model of the engine cylinder (XZ plane and XY plane). 

Table 1. Main structural parameters of MAN L23H30 single-cylinder diesel engine. 

The Parameter Name Parameter Values 

Bore×Stroke/mm × mm 225 × 300 

Connecting rod/mm 600 

Speed (r/min) 900 

Cylinder displacement/L 11.9 

Compression ratio 13.5 

2.2. Simulation Submodel Settings 

The turbulent parameters at the valve opening timing were adjusted based on the 

engine’s structural parameters. The combustion chamber turbulence was solved using the 

Reynolds-Averaged Navier–Stokes (RANS) method in conjunction with the RNG k-ε 

turbulence model [13]. The Kelvin–Helmholtz Rayleigh–Taylor (KH-RT) model was 

employed for droplet breakup, with submodel parameters referenced from the spray 

droplet breakup settings of Shi et al. [14]. Specific parameter values are listed in Table 2. 

The Frossling model was used to simulate droplet evaporation, while the NTC model was 

applied for droplet collision. Combustion was modeled using the SAGE model, which 

allows for selecting the appropriate chemical mechanisms and thermophysical property 

files based on simulation requirements. The SAGE model was activated from the start of 

fuel injection until the end of combustion. The selection of other submodels used in the 

simulation is summarized in Table 3. 

Redefine the in-cylinder turbulence parameters according to the engine parameters 

and estimate the turbulence kinetic energy from 
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Table 2. Settings of parameter of KH-RT model. 

Submodel Parameter Values Diesel Spray Model Ammonia Spray Model 

KH-model 

Size constant B0 0.61 0.61 

Velocity constant C1 0.188 0.188 

Breakup time constant B1 0.1 8.0 

RT-model 
Breakup time constant Cτ 1.5 0.95 

Size constant CRT 0.5 0.4 

Table 3. Selection of simulation submodel. 

Physical Model Name Submodel Settings 

Turbulence model RNG k-ε [15] 

Spray breakup model KH-RT [16] 

Drop turbulent dispersion model Wall Film-O’Rourke [17] 

Spray collision model NTC collision [18] 

Wall heat transfer model Han and Reitz model [19] 

Combustion model SAGE [20] 

Carbon smoke emission model Hiroyasu soot [21] 

NOx formation model Extended Zeldovich [22] 

2.3. Simulation Model Calibration 

CONVERGE offers three main grid control methods: Base Grid, Adaptive Mesh 

Refinement (AMR), and Fixed Embedding. AMR refines the grid dynamically based on 

velocity, temperature, and species fields, allowing customization of refinement levels and 

durations. Fixed embedding enables localized mesh refinement for specific regions, such 

as the nozzle, piston, and near-wall boundary layers. These refinement methods operate 

independently, allowing users to customize refinement time and levels as needed, and 

they can be executed in parallel to achieve precise grid size control. In this study, the 

engine and simulation model validation were based on experimental results obtained 

from the original engine operating in a single-fuel diesel mode. Four base grid sizes were 

tested in the simulation: 8 mm, 6 mm, 4 mm, and 2 mm. Using a 4 mm base grid, the 

boundary layer was refined with a two-level AMR strategy, while the fuel spray region 

was refined with a three-level fixed embedding strategy. Near the top dead center (TDC), 

the refined spray and wall mesh regions are shown in Figure 2. 
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Figure 2. Grid division strategy. 

The simulation data were provided by Zhenjiang CSSC Marine Power Co., Ltd. 

(Zhenjiang, China) The in-cylinder average pressure curve obtained from engine 

performance experiments was used to validate the simulation model. As shown in Figure 

3, under standard operating conditions (engine speed: 900 rpm, fuel injection mass: 1.25 

g, injection timing: −5 °CA), the simulation results closely matched the experimental data, 

with minimal error and good agreement in the inflection points of the pressure rise curves. 

Therefore, the reconstructed combustion chamber model, based on engine structural 

parameters and reasonable grid settings, is suitable for further simulation studies. 

Considering the trade-off between computational accuracy and resource limitations, a 

base grid size of 4 mm was selected for all simulation cases and operating conditions. 

 

Figure 3. Simulation model calibration. 

2.4. Mechanism Analysis of NOx Reduction 

Ideally, the combustion products of ammonia would consist solely of water and 

nitrogen gas. However, when ammonia serves as the primary fuel in dual-fuel engines—

particularly when the ammonia energy substitution exceeds 50%—it dominates the 

combustion process, leading to substantial nitrogen oxide (NOx) emissions. Thus, it is 

necessary to analyze the reaction pathways leading to NOx formation during ammonia 

combustion. As shown in Figure 4, the NOx formation process in ammonia-fueled engines 

is closely linked to the dehydrogenation and oxidation reactions that occur as combustion 

progresses. The dehydrogenation of ammonia is a key pathway during ignition and 

combustion, primarily involving its reaction with OH radicals. The first reaction to occur 

is NH3 = NH2 + H [23,24]. Subsequently, under the influence of radicals such as OH and 

O, further reactions occur, including NH3 + OH = NH2 + H2O and NH3 + O = NH2 + OH, 

with NH3 continuously losing hydrogen atoms [25,26]. The intermediates NHi (i = 0, 1, 2) 
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are either directly oxidized or converted to NOx through intermediate species such as 

HNO and H2NO under the influence of O, O2, and OH [27,28]. HNO plays a crucial role 

in NO formation, while the concentrations of radicals such as O, O2, and OH impact the 

oxidation process [29,30]. The reduction of NOx primarily occurs through reactions 

between NHi and NO, which depend on the temperature of the reaction environment. 

Polymerization reactions involve the combination of NHi radicals and the interconversion 

of their reaction products [31,32]. Through these pathways, the ammonia fuel eventually 

forms N2 and NO, while NO can also convert to N2 via key intermediate steps [33,34]. 

 

Figure 4. Main reaction pathway of ammonia oxidation. 

2.5. Simulation Scheme Setting 

At the rated operating conditions, the engine speed was 900 rpm. Two comparison 

scenarios, Case 1 and Case 2, were set based on the sequence of diesel and ammonia fuel 

injection. In Case 1, diesel is injected first, followed by ammonia fuel injection. In Case 2, 

a portion of ammonia is injected first, forming a partially homogeneous premixed gas with 

ammonia and air. During diesel injection, ammonia injection continues. Both scenarios set 

the ammonia fuel blending ratio from 10% to 90%, with a total of 18 operating conditions 

for comparison. In both scenarios, diesel not only serves as the fuel but also plays an 

ignition role during dual-fuel combustion. The original engine parameter for injection 

timing is set to 5° BTDC, and the nozzle diameter of the diesel injector is 0.33 mm. In the 

simulation scenarios of Case 1 and Case 2, both fuels are injected using a high-pressure 

injection strategy. Due to the distinct physicochemical properties of ammonia compared 

to diesel, even when the ammonia nozzle diameter is increased to 0.4 mm, and the 

injection pressure is set to match that of the diesel injector, ammonia fuel still requires a 

long injection duration in all scenarios. The time span for fuel entering the cylinder will 

be very long. To ensure that the various fuels can successfully enter the cylinder for 

combustion, in Case 1, the diesel injection timing is fixed at 14.5° BTDC, and the ammonia 

injection timing is fixed with a delay of 3 °CA. In Case 2, the ammonia injection timing is 

fixed at 15° BTDC, and the diesel injection timing is set sequentially with delays of 5 °CA, 

8 °CA, and 10 °CA based on the ammonia substitution rate, ensuring that there is enough 

diesel fuel for ignition when the piston reaches the top dead center. The injection pressure 

for both fuels is set to 100 MPa. The ammonia substitution rate, denoted as RNH3, is defined 

as the percentage of the ammonia fuel heating value relative to the total heating value of 

all fuel injected into the cylinder for the given operating condition. The calculation 

formula is: 

100%
+


=

3NH3NHDD

3NH3NH
3NH

LHVMLHVM

LHVM
R  (4) 
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The computational model does not consider the intake and exhaust processes, thus 

eliminating the need to account for factors such as valve lift. The simulation process starts 

at the intake valve closing timing of −156 °CA and ends at the exhaust valve opening 

timing of 126 °CA. The boundary conditions are listed in Table 4. 

Table 4. Simulation parameters under calibration conditions. 

Items Parameter Values 

Initial pressure (bar) 2.3 

Initial temperature (K) 365 

Piston temperature (K) 550 

Cylinder wall temperature (K) 470 

Cylinder head temperature (K) 520 

3. Results and Discussions 

3.1. Effect of Different Mixing Ratios on Engine Combustion Performance 

Compared to the original engine’s pure diesel combustion mode, the cylinder 

pressure of each operating condition changed when ammonia was used to replace a 

portion of the diesel. The main factor behind this change was the new liquid ammonia 

high-pressure direct injection strategy, which altered the original combustion mode, as 

shown in Figure 5. To ensure that the total heat output for each operating condition in 

both scenarios remained constant for comparison, the injection pressures of diesel and 

ammonia and the total input heating value remained unchanged. As the ammonia 

substitution rate increased, the amount of diesel fuel decreased accordingly, and the diesel 

injection duration gradually shortened while the liquid ammonia injection duration 

increased. In Case 1, the diesel injection start timing and the liquid ammonia injection start 

timing were fixed (−14.5 °CA; −11.5 °CA). At lower ammonia substitution rates, the total 

injection time required for both fuels was shorter, and the overlap time between the two 

fuel injections first increased and then decreased. This led to more concentrated 

combustion and higher peak values for the average cylinder pressure curve. When the 

ammonia substitution rate was below 70%, the engine IMEP (mean effective pressure) 

increased. In particular, at a 40% ammonia substitution rate, the cylinder pressure peak 

was the highest, with an increase of 2.68 MPa compared to the original engine model. As 

the ammonia substitution rate continued to increase, the cylinder pressure peak started to 

drop. At a 70% ammonia substitution rate, the cylinder pressure peak was almost the same 

as that of the original engine model. After exceeding a 70% ammonia substitution rate, the 

cylinder pressure started to decrease due to the prolonged fuel injection time and the 

resulting less concentrated combustion. At the 80% and 90% ammonia substitution rate 

conditions, the cylinder pressure peaks decreased by 1.28 MPa and 2.7 MPa, respectively. 

In Case 2, the diesel injection start timing was appropriately adjusted. The liquid ammonia 

injected first mixed with air inside the cylinder to form a homogeneous combustible gas. 

The cylinder pressure peak increased at lower ammonia substitution rates, and as the 

diesel injection timing was gradually delayed with an increasing substitution rate, the 

inflection point of the cylinder pressure curve was also delayed. At high ammonia 

substitution rates, the cylinder pressure peak gradually decreased due to combustion 

being less concentrated, caused by the prolonged fuel injection time and the fuel’s 

combustion characteristics. Similarly, at a 40% ammonia substitution rate, compared to 

the original engine model, the cylinder pressure peak increased by 1.9 MPa, and at the 

80% and 90% substitution rates, the cylinder pressure peaks decreased by 0.23 MPa and 

1.95 MPa, respectively. 



Energies 2025, 18, 565 8 of 20 
 

 

Based on the sequence of diesel and ammonia injection, in Case 1, the strategy was 

to inject diesel first, followed by ammonia after an equal crank angle interval. The high-

temperature heat source generated by diesel ignited the ammonia fuel. As the ammonia 

substitution rate increased, the diesel injection duration shortened, and the ammonia 

injection duration increased. According to ammonia combustion characteristics, at high 

ammonia substitution rates, the heat release rate curve exhibited a second prolonged peak 

after the first peak. The combustion process inside the cylinder could be divided into two 

stages: diesel diffusion combustion and ammonia fuel diffusion combustion. According 

to the heat release rate curve trend in Case 2, ammonia as a single fuel cannot achieve 

ignition combustion by itself when entering the cylinder. In this scenario, ignition 

combustion of the fuel in each operating condition still required the subsequent injection 

of diesel. The difference was that ammonia fuel, entering the cylinder first, formed a large 

amount of premixed combustible gas with the air inside the cylinder. Once the diesel fuel 

entered the cylinder, the ammonia fuel ignited, and the flame spread rapidly. Therefore, 

in Case 2, the combustion process of ammonia fuel consisted of two stages: ammonia 

premixed combustion and ammonia diffusion combustion, with the heat release rate 

curve resembling a partially premixed characteristic. 

  

Figure 5. Changes in the cylinder pressure and heat release rate of different diesel/ammonia ratios 

under the two injection schemes. 

CA10 and CA50 are defined as the crank angle positions at which the cumulative 

heat release reaches 10% and 50% of the total heat release, respectively. The combustion 

duration is the time interval between the CA10 and CA90 positions. As shown in Figure 

6, in Case 1, with the increase in the ammonia substitution rate, both the CA50 position 

and combustion duration initially advanced and then delayed. This is because, at low 

ammonia substitution rates, ammonia accounted for a smaller proportion of the total fuel 

energy. Additionally, the dual-fuel injection strategy resulted in the ammonia injection 

duration being included within the diesel injection duration at low ammonia substitution 

rates, significantly reducing the overall injection time. The ammonia fuel burns faster, so 

CA50 occurred earlier. At moderate ammonia substitution rates, although the mass and 

injection duration of ammonia fuel gradually increased, the duration of dual-fuel injection 

also lengthened, and it occupied more than half of the ammonia injection duration, so 

CA50 continued to advance. After the ammonia substitution rate exceeded 50%, due to 

the nozzle diameter setting and the physicochemical properties of liquid ammonia 

droplets, the ammonia injection duration exceeded the diesel injection duration and 

gradually became the dominant fuel for combustion. The CA50 position was gradually 

delayed. Because Case 1 fixed the injection start time for both fuels, the variation in CA10 

was minimal. Combined with the low flammability of ammonia fuel, the overall 

combustion duration gradually extended. In Case 2, the ammonia injection start time was 
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fixed, and the diesel injection time was delayed with the increasing ammonia substitution 

rate, gradually approaching the top dead center (TDC). Therefore, the CA10 time was also 

gradually delayed. Since single ammonia fuel cannot achieve ignition combustion under 

the compression ratio and wall temperature conditions of this engine model, the changes 

in CA50 and combustion duration at low substitution rates were mainly determined by 

the diesel injection settings. In conditions where the ammonia substitution rate was less 

than 50%, the total fuel injection duration was shorter than that of the original engine 

model, and the CA50 and combustion duration were slightly advanced and shortened. At 

higher ammonia substitution rates, CA50 and combustion duration gradually delayed 

and extended. 

Both scenarios show the phenomenon where, at low ammonia substitution rates, 

CA50 and combustion duration advanced and shortened. This is because the dual-fuel 

injection strategy makes the small amount of liquid ammonia more effective in promoting 

combustion, thus shortening the combustion duration. However, at high ammonia 

substitution rates, the slower combustion speed of ammonia had a greater impact on the 

overall fuel combustion. In both cases, the combustion duration gradually lengthened. 

This is because the amount of diesel injected into the cylinder decreases as the ammonia 

energy replacement ratio increases. After the diesel injection and combustion were 

completed, the remaining ammonia fuel in the cylinder lacked a source of ignition, and 

because the ammonia flame propagation speed was slow, it was difficult to achieve 

complete combustion by its own flame propagation. Furthermore, at high ammonia 

substitution rates, there may be misfires in the later stages of combustion. 

 

Figure 6. Effect of different diesel/ammonia ratios on CA50 and combustion duration under the two 

injection schemes. 

3.2. In-Cylinder Temperature Analysis 

After adopting the high-pressure direct injection fuel strategy at low ammonia 

substitution rates, the engine’s in-cylinder temperature increased. This is primarily 

because this injection method improves the fuel–air mixing, accelerating the combustion 

speed. Additionally, the in-cylinder temperature change was not only influenced by the 

fuel combustion efficiency but also by the fuel substitution rate. The higher the ammonia 

substitution rate, the greater the evaporation of liquid ammonia, which increases the heat 

absorption. Both Case 1 and Case 2 showed a decrease in the cylinder temperature peak 

value as the ammonia substitution rate increased. In both cases, when the ammonia 

substitution rate exceeded 70%, the temperature curve changed significantly, and the heat 

deficit from ammonia blending combustion was offset by the combustion benefits of the 

high-pressure direct injection fuel method. The in-cylinder temperature changes for 

different ammonia blending ratios under the two injection strategies are shown in Figure 

7. Compared to the original engine model, the peak in-cylinder average temperature for 
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the 50% ammonia substitution rate condition in Case 1 and the 20% ammonia substitution 

rate condition in Case 2 were 93.89 K and 105.11 K higher, respectively. A higher in-

cylinder average temperature typically accompanied the formation of more thermally-

formed NOx. The temperature field variations are shown in Figure 8. 

  

Figure 7. Changes in the cylinder temperature of different diesel/ammonia ratios under the two 

injection schemes. 

Case1 D:A—50:50 D:A—10:90 Case2 D:A—80:20 D:A—10:90 

CA10 

  
CA10 

  

0 deg 0 deg -3.2 deg 1.7 deg 

CA50 

  
CA50 

  

-0.65 deg 10.35 deg 3.75 deg 9.5 deg 

CA90 

  
CA90 

  

11.3 deg 27.35 deg 15.53 deg 24.35 deg 

 

Figure 8. In-cylinder temperature field. 

It is worth noting that in Case 1, the fuel injection sequence adopted a diesel-first 

strategy, where the flame formed by diesel ignition contacted the liquid ammonia jet, 

igniting the liquid ammonia. Although ammonia has a high latent heat of vaporization, 

due to the high-pressure injection strategy and the timing of ammonia fuel injection, the 

ammonia fuel was directly ignited by the flame already formed in the combustion 

chamber as soon as it entered, especially in the cases with low ammonia substitution rates, 

where the diesel injection duration fully covered the ammonia injection duration. As a 

result, liquid ammonia hardly had a chance to evaporate, and its evaporation had little 

impact on combustion parameters. Since ammonia’s vaporization latent heat and 

autoignition temperature are much higher than those of diesel, in Case 2, the injection 

strategy was to inject ammonia first. After ammonia mixed with the air inside the cylinder, 

diesel fuel was injected to ignite it, displaying characteristics of premixed combustion. 

The inflection point of the in-cylinder temperature curve was delayed with an increase in 

the ammonia blending ratio and the lag in the diesel injection timing. 
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3.3. Effect of Different Mixing Ratios on NOx Emission 

The total NOx emissions consisted of two parts: one was the high-temperature NOx 

generated from nitrogen and oxygen in the air under high temperature and pressure, and 

the other was the fuel-based NOx generated from incomplete combustion of the substitute 

fuel, ammonia [35]. In most cases with higher substitution ratios, Case 2 exhibited higher 

in-cylinder temperatures than the same conditions in Case 1. The longer the high-

temperature duration, the more high-temperature NOx was produced. The fuel-based 

NOx generated by ammonia combustion was influenced by the equivalence ratio and 

temperature, with its formation mechanism being extremely complex. In the low 

ammonia substitution rate conditions of both Case 1 and Case 2, there may be a balance 

between the reduction of high-temperature NOx and the increase in fuel-based NOx, 

causing little fluctuation in the total NOx emissions. After the ammonia substitution rate 

exceeded 70%, the total NOx emissions decreased. In all cases, as the combustion duration 

ended and the in-cylinder temperature started to drop, with an increase in the injected 

ammonia fuel, more liquid ammonia acted as a reducing agent, reacting with NOx in the 

cylinder and significantly reducing NOx overall. Observing the reduction magnitude and 

the final total NOx emissions of both schemes, the diesel-first injection method has a clear 

advantage. Even though Case 2 demonstrated more stable engine performance indices 

and higher thermal efficiency compared to Case 1, it was often accompanied by more NO 

and NO2 emissions. As shown in Figure 9, compared to the original model, the total NOx 

emissions in Case 1 decreased by 36.6% and 71.5% at 80% and 90% ammonia substitution 

rates, respectively. Under the same conditions, the total NOx emissions in Case 2 

decreased by 28.7% and 63.5%. Furthermore, since ammonia does not carry carbon atoms, 

ammonia combustion does not produce carbon-containing substances, leading to minor 

fluctuations in soot emissions at low ammonia substitution rates. As the ammonia 

substitution rate increased, soot emissions in both Case 1 and Case 2 decreased 

significantly (Figure 9). Using ammonia as a substitute fuel provides a significant 

advantage in reducing soot emissions. 

  

Figure 9. The effect of different diesel/ammonia ratios on the total nitrogen oxide emission and soot 

changes under the two injection schemes. 

From the overall analysis of the components of NOx (Figure 10), NO occupied the 

largest proportion, and as the main component of NOx, the trend of NO emissions was 

essentially the same as the overall trend of NOx emissions. Therefore, to control the 

overall NOx emissions, it is necessary to achieve the highest possible NO reduction rate. 

There are four main reaction paths for the reduction of NO, as follows: 

1. NH2 + NO = NNH + OH; 

2. NH2 + NO = N2 + H2O; 

3. NH + NO = N2O + H; and 



Energies 2025, 18, 565 12 of 20 
 

 

4. N + NO = N2 + O. 

According to the study by Miller et al. [36], the high-temperature non-catalytic 

selective reduction of NOx occurs only within a narrow temperature range, typically 

between 1000 K and 1400 K. Below 1000 K, the reduction rate slows down, with the 

reduction process being most effective at around 1250 K. Above 1500 K, it may have the 

opposite effect. At lower temperatures, NO can easily undergo a reduction reaction with 

NH2, and as the temperature increases, the concentration of OH and O rises. This causes 

reaction 5, NH2 + O = HNO + H, to compete with reactions 1 and 2 for NH2, leading to the 

decomposition of HNO. The reaction paths change, mainly as follows: 

6. HNO + OH = H2O + NO, and 

7. HNO + NH2 = NH3 + NO, both leading to the formation of NO. Therefore, when 

the temperature is sufficiently high, its oxidation process becomes the dominant reaction 

process, and NO, the main component of NOx, will not only fail to reduce but will also 

further precipitate, ultimately leading to an increase in NOx concentration. By analyzing 

slices based on the CA10 and CA50 moments of the engine’s accumulated heat release, as 

well as the peak moments of each component’s concentration, the variation trend of 

nitrogen oxides in the engine cylinder was observed. The molar mass distribution 

characteristics of nitrogen oxides are shown in Figure 11. The evolution of NO and N2O 

showed opposing trends. NO was primarily distributed in the high-temperature region 

of the cylinder, and its distribution characteristics were closely related to higher-

temperature environments and OH. NO2 and N2O were mainly distributed in the low-

temperature region of the cylinder. However, NO2 mainly concentrated in the low-

temperature, oxygen-rich region, while N2O was found in low-temperature, oxygen-rich, 

and fuel-rich regions. 

In the combustion process of dual-fuel engines, the generation of nitrogen oxides 

(NOx) is influenced by coupling effects. Comparing the corresponding ammonia 

replacement ratio scenarios under both Case 1 and Case 2, it was expected that Case 1 

would exhibit better reduction effects and lower final NOx emissions. This is because, in 

the Case 2 scenario, part of the ammonia fuel has already entered the cylinder before 

ignition, meaning that less ammonia fuel is available for the reduction reaction compared 

to Case 1 under the same ammonia replacement ratios. Based on the simulation results, 

the major NOx components in both scenarios were analyzed using the generation 

concentration coordinates at different crank angles (with a magnification applied to show 

the changes in important components like NO2 and HNO). As shown in Figure 12, for the 

three high ammonia replacement scenarios in Case 1 and the 80% and 90% ammonia 

replacement scenarios in Case 2, the molar fraction of NO, the main component of NOx, 

exhibited two distinct phases. The first peak corresponded to the NO generated during 

the dual-fuel combustion process. The first inflection point represented the moment when 

ammonia fuel was injected into the combustion chamber, and the reduction reaction 

began, leading to a decrease in NO. However, at this point, ammonia combustion also 

occurred, and NO concentration increased again. After all fuel injection was completed, 

the concentrations of NO and N2O gradually stabilized after oscillating. It can also be 

observed that the concentration of NO2 decreased. The formation of NO2 was more 

sensitive to changes in the cylinder temperature, showing significant variations before 

and after the start and end of high-temperature combustion in the low-temperature 

region. Compared to the NO generated in high-temperature environments, NO2 tended 

to form earlier, before NO, as the cylinder temperature rose. In Case 1, the reduction 

reaction began gradually when the ammonia replacement ratio exceeded 70%. In 

scenarios with a higher ammonia replacement ratio, the cylinder temperature gradually 

decreased, and the total NOx emissions decreased as well. Furthermore, the use of a post-

injection ammonia strategy allowed more NHi to participate in the reduction reaction in 
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the low-temperature region after the average cylinder temperature dropped to 1500 K 

near the end of the combustion process. 

  

Figure 10. NO/NO2 emissions. 

Case1 D:A—30:70 D:A—20:80 D:A—10:90 

NO 

         

CA10(-9.2deg） CA50(1.85deg） 15.4deg CA10(-9.75deg) CA50(6deg) 13.5deg CA10(-5.55deg) CA10(10.35deg) 5deg 

N2O 

         

CA10(-9.2deg） CA50(1.85deg） -5deg CA10(-9.75deg) CA50(6deg) 0deg CA10(-5.55deg) CA10(10.35deg) 2deg 

NO2 

         

CA10(-9.2deg） CA50(1.85deg） -0.2deg CA10(-9.75deg) CA50(6deg) -2.8deg CA10(-5.55deg) CA10(10.35deg) -1deg 

   

Case2 D:A—30:70 D:A—20:80 D:A—10:90 

NO 

         

CA10(0.15deg） CA50(5.5deg） 33.8deg CA10(-0.25deg) CA50(5.9deg) 16deg CA10(1.7deg) CA10(9.5deg) 11.2deg 

N2O 

         

CA10(0.15deg） CA50(5,5deg） 6.8deg CA10(-0.25deg) CA50(5.9deg) 5.7deg CA10(1.7deg) CA10(9.5deg) 10.4deg 

NO2 

         

CA10(0.15deg） CA50(5.5deg） 7deg CA10(-0.25deg) CA50(5.9deg) 7.8deg CA10(1.7deg) CA10(9.5deg) 11.4deg 

NO mass fraction N2O mass fraction NO2 mass fraction 

   

Figure 11. Change in the mass fraction of the main components of nitrogen oxides in the cylinder. 

In the Case 2 scenario, the reduction reaction was less noticeable under high 

ammonia replacement ratios. Due to the ammonia pre-injection strategy, most of the 

ammonia fuel was consumed before it could participate in the reduction reaction. 

However, in the 90% ammonia replacement scenario, due to the specific injection strategy, 

the main combustion duration (from CA10 to CA90) ended around 24.35 degrees, while 

the ammonia fuel injection continued, allowing the new liquid ammonia to contribute to 

the reduction reaction and significantly reduce NOx emissions. Additionally, it can be 
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observed that NHi had a more pronounced inhibitory effect on NO compared to NO and 

N2O. This is largely because the concentration of NO was relatively high, making it more 

likely to react with the reductant. In contrast, the concentrations of NO2 and N2O were 

lower, and their conversion to harmless substances like N2 requires multiple reaction 

steps. Therefore, the reduction and harmless treatment effects of NO2 and N2O were less 

significant compared to NO. 

 

 

Figure 12. In-cylinder NOx mole fraction. 

3.4. In-Cylinder OH Distribution Under Different Ammonia Substitution Rates 

The hydroxyl (OH) radical is an important intermediate product in the fuel oxidation 

process. Both n-heptane, representing diesel fuel, and ammonia fuel continuously 

generate OH during the combustion reaction. For diesel fuel, n-heptane undergoes low-

temperature reactions before combustion, where the C-H bonds and the O-O bonds in the 

oxygen from the air tend to break more easily. This leads to hydrogen abstraction and 

oxygen addition, forming different isomers. As the reaction proceeds, n-heptane 

undergoes isomerization, generating and accumulating large amounts of OH. 

Additionally, n-heptane also influences the formation and reduction of NO, as the C-H 

radicals produced by n-heptane have a positive reduction effect on NO. 

Similar to n-heptane, ammonia also generates OH continuously during combustion 

reactions and reacts intensely with OH. In ammonia fuel, the conversion of NH3 to NHi 

involves a dehydrogenation process. The main reaction for NOx reduction to N2 is NH2 + 

NO. To ensure the continuity of this reaction, it is essential to continuously generate OH 

and O, which mainly come from the following reactions: 

1. NH2 + NO = NNH + OH; 

2. NNH + NO = N2 + HNO 

3. HNO + M = H + NO + M. 

In reaction 3, the H atom reacts with O2 in the exhaust gas to form OH. As combustion 

continues, the temperature inside the cylinder rises, and the highly active OH generated 
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from the low-temperature reactions stimulates the fuel to continue burning. At this point, 

n-heptane will stop undergoing dehydrogenation and oxygen addition in the low-

temperature reaction path and shift to the high-temperature reaction phase. In this phase, 

n-heptane directly cracks into short-chain alkanes, generating large amounts of OH 

radicals and further promoting high-temperature reactions, leading to intense 

combustion. 

To explore the distribution of OH radicals and the evolution of temperature and 

emissions, it is necessary to analyze the OH distribution from ignition to combustion. 

Figure 13 shows the vertical slice analysis of the OH formation and main diffusion stages 

at CA10 and CA50 moments for high ammonia replacement ratios under both Case 1 and 

Case 2. OH distribution reflected the combustion reaction speed, which correlated with 

the temperature of the corresponding regions. By observing the distribution of OH 

formation, we can predict the temperature distribution within the cylinder. At CA10, the 

OH generation in both Case 1 and Case 2 was located outside the spray near the nozzle. 

By CA50, OH moved toward the spray end, then moved inward toward the piston wall 

and subsequently spread outward across the combustion chamber. This analysis provides 

insights into the ignition and combustion progression and the mechanisms behind 

emissions formation. 

Case1 D:A—30:70 D:A—20:70 D:A—10:90 

CA10 

      

diesel spray NH3 spray diesel spray NH3 spray diesel spray NH3 spray 

CA50 

      

diesel spray NH3 spray diesel spray NH3 spray diesel spray NH3 spray 

 

Case2 D:A—30:70 D:A—20:80 D:A—10:90 

CA10 

      

diesel spray NH3 spray diesel spray NH3 spray diesel spray NH3 spray 

CA50 

      

diesel spray NH3 spray diesel spray NH3 spray diesel spray NH3 spray 

 

Figure 13. In-cylinder OH distribution at different stages. 

3.5. Effect of Different Mixing Ratios on Greenhouse Gas Emissions 

CO2 emissions are primarily influenced by the combustion of diesel, and n-heptane, 

which represents diesel in this study, is the only component in the dual-fuel mixture that 

contains carbon. From the decreasing trend in CO2 emissions shown in Figure 13, it can 

be concluded that ammonia as a substitute fuel demonstrated excellent zero-carbon 

combustion performance. As the ammonia replacement rate increased, the final 

greenhouse gas emissions gradually decreased, as depicted in Figure 14. 
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Figure 14. Greenhouse gas emissions. 

N2O has a more significant impact on the greenhouse effect compared to CO2, with a 

global warming potential 300 times greater than that of CO2 [37,38]. The production of 

N2O involves a complex multi-reaction process, primarily associated with ammonia 

combustion and the reduction of NO and NO2, which results in the formation of this 

important byproduct. OH and NO are mainly produced in high-temperature combustion 

regions, while N2O is mainly produced in low-temperature combustion areas. The 

distribution of N2O is related to the environmental temperature and equivalence ratio 

[39,40]. The evolution of N2O and NO follows opposing trends. This phenomenon can be 

attributed to the reduction of NO by NH, which leads to the formation of N2O. NH2 and 

NH species also promote the conversion of NO2 to NO and N2O through reactions like: 

1. NO2 + NH2 = NO + H2NO; 

2. NO2 + NH = NO + HNO; 

3. NH2 + NO2 = N2O + H2O; 

4. NH + NO2 = N2O + OH. 

Additionally, NO, NO2 and N2O can interconvert, as seen in reactions like: 

1. N2O + O = 2NO; 

2. N2O + NO = N2 + NO2. 

The free radicals OH, O, and H produced by high-pressure dual-fuel injection 

strategies react with N2O, forming reactions like: 

1. N2O + OH = N2 + HO2; 

2. N2O + O = N2 + O2; 

3. N2O + H = N2 + OH. 

In Case 1, the high-pressure injection strategy ensured that liquid ammonia ignited 

quickly once entering the combustion chamber, overcoming ammonia’s slow flame speed 

and allowing for more complete combustion. Only a small portion of ammonia formed by 

liquid ammonia evaporation remained incompletely combusted, resulting in minimal 

N2O formation. As shown in Figure 15, in Case 2, the strategy of injecting ammonia first 

led to the formation of some premixed gases, which increased the N2O emissions 

compared to Case 1 under the same conditions. Even after multiplying N2O emissions for 

comparison, the emissions were still three orders of magnitude lower than CO2 emissions. 

Therefore, controlling CO2 emissions remains a priority for greenhouse gas reduction. 

Furthermore, if the diesel-first injection strategy from Case 1 is used, the overall N2O 

emissions can still be well controlled. 
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Figure 15. N2O emissions. 

4. Conclusions 

This study utilized numerical simulation combined with the selective non-catalytic 

reduction (SNCR) reaction mechanism to analyze a diesel/ammonia dual-fuel high-

pressure direct injection engine. By comparing different ammonia fuel durations and 

substitution ratios for each pre-set engine operating condition, the following conclusions 

were drawn: 

1. Compared to the intake manifold pre-mixed dual-fuel combustion mode, the high-

pressure direct injection dual-fuel mode offers higher fuel supply efficiency while 

avoiding the loss of ammonia fuel due to wall attachment in the intake manifold 

section after injection. Additionally, this injection strategy is more flexible, allowing 

for a precise and rapid injection of ammonia fuel. By adjusting the fuel injection 

timing and spray angle, combustion can be more accurately controlled. The change 

in injection timing and the dual-fuel injection strategy at low ammonia substitution 

rates shorten the total fuel injection duration, with more fuel being injected before 

the engine reaches the top dead center (TDC). As the engine moves toward TDC, the 

combustion chamber volume decreases, so the earlier the fuel participates in 

combustion, the greater its contribution to cylinder pressure and temperature 

increase. By analyzing the total heat release and cylinder volume change curves, it 

can be seen that stable combustion was achieved even at high ammonia substitution 

rates. The cylinder pressure and heat release rate curves indicated that the strategy 

of injecting ammonia first, followed by diesel, exhibited some characteristics of pre-

mixed combustion. 

2. When using the diesel/ammonia high-pressure injection strategy for combustion, 

NOx emissions were significantly reduced in both pre-set cases during high 

ammonia substitution conditions. By analyzing each set of conditions for the 

sequence of fuel injection, it was found that when the ammonia substitution rate 

exceeded 70%, NOx emissions began to decrease. As the ammonia substitution rate 

continued to increase, the injection duration also increased. After the main 

combustion period ended, the dehydrogenated products (NHi) of the continuously 

injected ammonia fuel reduced the majority of NOx, particularly NO, when the 

cylinder temperature dropped to 1500 K. Under the condition of limiting nozzle size 

and injection pressure, the strategy of injecting diesel first and then ammonia allowed 

more ammonia to participate in the subsequent selective catalytic reduction (SCR) 

reaction, significantly reducing the final NOx emissions. 

3. The high-temperature non-catalytic selective reduction of NOx occurs within a 

narrow temperature range. If the temperature is too high or too low, NOx reduction 

becomes either ineffective or counterproductive. When the temperature exceeds this 

range, the chemical reaction pathways change, and NO is not reduced, while a large 
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amount of NO is released, further increasing NOx emissions. Based on the 

distribution characteristics of OH and nitrogen oxides in the cylinder, it was found 

that OH, which is crucial for promoting ammonia fuel reaction pathways, had a 

distribution closely related to the cylinder temperature. The generation and 

accumulation of OH was indicative of high-temperature reactions. The trends of NO 

and N2O evolution within the cylinder were opposite; NO was primarily generated 

in high-temperature regions, while NO2 and N2O were mainly produced in low-

temperature regions. Additionally, NO2 was more sensitive to ambient temperature, 

with significant changes before and after the engine’s combustion duration. 

4. After adopting the diesel/ammonia high-pressure injection strategy, the primary 

greenhouse gas component, CO2, begins to decrease as the ammonia substitution rate 

increases. Since ammonia does not contain carbon atoms, increasing its substitution 

rate leads to a reduction in carbon components (such as soot) and carbon-containing 

products in the final emissions, highlighting ammonia’s advantage as a substitute 

fuel. For another greenhouse gas component, N2O, its emissions can be effectively 

controlled by adjusting the fuel injection strategy. 
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