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Executive Summary 

This deliverable was prepared within the framework of Work Package 4, entitled ‘Development 

of the exhaust aftertreatment system (EATS) for the ammonia engine’ and it corresponds to 

Task 4.1 (T4.1). 

The objective of this deliverable is to describe the approach followed for modelling the 

processes that take place in the catalytic devices installed in the exhaust line of the ammonia 

dual-fuel (DF) engine. The main target of the exhaust aftertreatment system (EATS) of the 

ammonia engine is the control of the N-species, i.e., NOx (nitrogen oxides), N2O (nitrous oxide) 

and NH3 (ammonia). The first species, NOx, is a by-product of fuel (ammonia) combustion with 

air and is formed in the cylinder. The second species, N2O, originates from two sources: 

ammonia combustion in the cylinder and formation in the catalytic devices depending strongly 

on their exact formulation. Finally, NH3 can be emitted as a result of incomplete in-cylinder 

combustion and untreated amounts of dosed NH3 quantities for the EATS operation. The EATS 

of the NH3 DF engine is expected to comprise a deNOx catalyst and, if necessary additional 

deN2O and/or NH3-slip catalysts. 

The first step for the development of the EATS of the NH3 engine is the experimental 

investigation of the catalytic activity of small-scale samples of V-SCR, Cu-SCR, Pt-based 

oxidation catalyst and Fe-SCR. The test campaign provides useful insight concerning the 

reactions taking place in each catalytic device, supporting the adoption and/or modification of 

the appropriate reaction scheme to be incorporated in the simulation models. Based on the test 

observations, the chemical reaction scheme for the V-SCR and Cu-SCR systems consisted of 

the commonly used SCR reactions (standard/literature model). On the other hand, in the case 

of the Fe-SCR catalyst, particular modifications of the chemical reaction scheme were 

necessary in order to accurately describe the occurring processes (Engimmonia model). These 

modifications were: 

• modification of the Standard SCR reaction stoichiometry, 

• inhibition of the modified Standard SCR reaction by NH3 at high NH3 inlet 

concentrations and low temperatures (inhibition term added to the reaction rate), 

• promotion of NH3 oxidation to N2 in the presence of N2O (promotion term added to 

the reaction rate), 

• addition of the typical Standard SCR with N2O both in the reactants and products,  

• inhibition of the direct N2O reduction by NH3 at high inlet concentrations of NH3 

(inhibition term is added to the reaction rate).  

The adoption of the appropriate chemical reaction scheme resulted in the development of 

accurate simulation models, capable of describing the phenomena occurring in the catalytic 

devices. This was particularly critical for the Fe-SCR, where processes and phenomena further 

to the well-known ones were observed. Indicatively, the following diagram presents the 

experimental and model results of N2O conversion for various NH3 inlet concentrations, where 

introduction of an inhibition term is critical for the model fit to the experimental data.  

 



D4.2 – “Simulation of NOx and N2O catalytic processes in the flue gas of the ammonia dual-fuel engine” 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under 
grant agreement No 955413  

Disclaimer: The sole responsibility for any error or omissions lies with the editor. The content does not necessarily 

reflect the opinion of the European Commission. The European Commission is also not responsible for any use that 
may be made of the information contained herein. 

 

Figure I. N2O conversion at the Fe-SCR under various NH3 inlet concentrations, based on the experimental data 
(symbols) and the model (solid and dashed lines) before and after the modifications on the reaction scheme. 
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Abbreviations and acronyms  
ΑΝR NH3 to NOx ratio 

H2O Water 

NH3 Ammonia 

NNR NO2 to NOx ratio 

NO / NO2 / NOx Nitric Oxide / Nitrogen Dioxide / Nitrogen Oxides 

N2 Nitrogen 

N2O Nitrous Oxide 

O2 Oxygen 

SCR Selective Catalytic Reduction 

SO2 Sulphur Dioxide 

Nomenclature 
A. Latin letters 

𝐴 frequency factor (Arrhenius constant) − 

𝐶 concentration 𝑚𝑜𝑙 𝑚3⁄  

𝐸 activation energy of reaction 𝐽 𝑚𝑜𝑙⁄  

𝑘 kinetic constant of reaction (Arrhenius) units depend on reaction 

𝑅 Universal exhaust gas mixture constant 𝐽/(𝑚𝑜𝑙 ∙ 𝐾) 
𝑅𝑟 Reaction rate 𝑚𝑜𝑙 (𝑚3 ∙ 𝑠⁄ ) 
𝑇 temperature 𝐾 

 
B. Greek letters 

𝜃𝑁𝐻3 surface coverage of 𝑁𝐻3 − 

𝛹𝑆 storage capacity of storage site 𝑚𝑜𝑙/𝑚3 

𝜓𝑆𝑁𝐻3 surface coverage fraction of 𝑁𝐻3 − 

 
C. Subscripts and Superscripts 

𝑎𝑑𝑠 adsorption 

𝑑𝑒𝑠 desorption 
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1. Introduction 

This deliverable was prepared within the framework of Work Package 4, entitled ‘Development 

of the exhaust aftertreatment system (EATS) for the ammonia engine’ and it corresponds to 

Task 4.1 (T4.1). 

The objective of this deliverable is to describe the approach followed for modelling the 

processes that take place in the catalytic devices installed in the exhaust line of the ammonia 

dual-fuel (DF) engine. The main target of the exhaust aftertreatment system (EATS) of the 

ammonia engine is the control of the N-species, i.e., NOx (nitrogen oxides), N2O (nitrous oxide) 

and NH3 (ammonia). The first species, NOx, is a by-product of fuel (ammonia) combustion with 

air and is formed in the cylinder. The second species, N2O, originates from two sources: 

ammonia combustion in the cylinder and formation in the catalytic devices depending strongly 

on their exact formulation. Finally, NH3 can be emitted as a result of incomplete in-cylinder 

combustion and untreated amounts of dosed NH3 quantities for the deNOx system operation.  

The EATS of the NH3 DF engine is expected to comprise a deNOx catalyst and, if necessary, 

additional deN2O and/or NH3-slip catalysts. The initial development of the individual devices, 

as well as of the complete EATS, is heavily based on small-scale testing and modelling. The 

design of emission control devices via full-scale testing is prohibitive in view of the huge testing 

costs on a large two-stroke marine engine. It is therefore necessary to develop accurate and 

predictive models of the aftertreatment system that will be applicable in a wide range of 

conditions to ensure the coverage of all possible scenarios to be expected in a real NH3 engine 

exhaust.  

In this context, the developed simulation models will support the improvement of existing SCR 

systems when these are operating with the flue gas of either diesel or ammonia fuelled engine 

(Task 4.2), while they will be also used for the design and evaluation of the deN2O system that 

will be developed in Tasks 4.3 to 4.6. The accurate development of the models for both systems 

will be supported by test data from the respective experimental activities conducted within 

WP4, with appropriate input received from WP3. 

In order to determine accurately and confirm the exact reaction scheme that is used in the model 

for each catalytic device, targeted tests were conducted in the Synthetic Gas Bench (SGB) of 

AUTH. This small-scale testing features full control of the feed gas able to replicate the time-

resolved real exhaust gas conditions (flow, temperature, composition) on the one hand, while 

on the other hand permits the isolation of individual phenomena and reactions by modifying 

accordingly the feed gas composition. 

The catalytic activity of the examined samples is evaluated with small-scale tests on the SGB, 

indicative pictures of which are presented in Figure 1. The flow and composition of the mixture 

is controlled by the programmable mass flow controllers (MFCs). Moisture can be added to the 

mixture through an H2O feed, which is heated beforehand to prevent condensation of the flue 

gas. The mixture is then heated to the required temperature through a pre-heater system before 

passing through the catalyst sample. A FTIR gas analyser (AVL Sesam i60) measures the 

concentrations of all species in the outlet gas. The targeted experiments performed for each 

catalytic technology are described in the respective sections in Chapter 2.  
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Figure 1. Small-scale experimental set-up of synthetic gas bench (SGB). 

The kinetic mechanisms of the catalytic samples are then implemented into models of the 

Exothermia Suite® simulation platform (described in D2.1). The kinetic parameters of the 

reaction rates are calibrated in order to match model with measurement results. In particular, 

the pre-exponential factor (A) and activation energy (E) of the Arrhenius term (k) of the reaction 

rate are calibrated: 

 
k = A ∙ exp(−

E

R ∙ T
) 

 

(1) 

The main part of this deliverable is Chapter 2: Modelling of catalytic processes in the flue gas 

of ammonia dual-fuel engine, which is structured as follows: 

• Section 2.1: Catalytic processes in the Vanadium (V)-based SCR system 

• Section 2.2: Catalytic processes in the Copper (Cu)-based SCR system 

• Section 2.3: Catalytic processes in the Platinum (Pt)-based oxidation catalyst 

• Section 2.4: Catalytic processes in the Iron (Fe)-based SCR system 

Each section follows the same structure: initially the test conditions are briefly described, then 

the reaction scheme is presented and finally the model setup and calibration are shown. It is 

noted that the definition of the final reaction scheme was a repetitive process during the setup 

and calibration of the model, aiming at replicating the behaviour observed in the tests. 
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2. Modelling of catalytic processes in the flue gas of 

ammonia dual-fuel engine 

2.1 Catalytic processes in the Vanadium-based SCR 

2.1.1 Test Protocols  

The Vanadium-Based SCR (V-SCR) catalyst sample (Figure 2) was provided by ECOSPRAY, 

and the properties of the catalyst are summarized in Table 1.  

 
Figure 2. Vanadium-based SCR catalyst sample. 

Table 1. Properties of the Vanadium-based SCR catalyst. 

Catalyst Properties Value 

Diameter [mm] 28  

Length [mm] 90  

CPSI [-] 100  

Wall thickness [mils] 2 

Cell shape [-] triangle 

Substrate material [-] metal 

 

For the V-SCR, steady-state measurements were performed in a temperature range between 

150°C and 500°C. The feed gas and test conditions are shown in Table 2. The phenomena of 

NO and NH3 oxidation are examined first, followed by measurements concerning the 

investigation of the SCR reactions under different conditions, such as various ANRs 

(NH3/NOx), the composition of NOx (addition of NO2) and the addition of N2O in the feed gas 

to examine possible deN2O activity of the current catalytic technology. 

 
Table 2. Vanadium-based SCR catalyst test conditions. 

Phenomena Inlet feed gas 
Temperature 

[℃] 

Space Velocity 

[h-1] 

NO oxidation to NO2 
2000 ppm NO, 6% O2, 15% H2O,  

15 ppm SO2, N2 balance 

150 

200 

250 

300 

400 

500 

20,000 

NH3 oxidation 
1000 ppm NH3, 6% O2, 15 % H2O,  

15 ppm SO2, N2 balance 

Standard SCR under ANR 

ratios 

2000 ppm NH3, NH3/NOx=0.8, 1.0, 1.5, 

6% O2, 15% H2O, 15 ppm SO2, N2 

balance 

Fast SCR                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

2000 ppm NH3, 2000 ppm NOx 

(NO2/NOx=0.2), 6% O2, 15% H2O,  

15 ppm SO2, N2 balance 
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Addition of N2O 

2000 ppm NH3, NH3/NOx=1.0, N2O=50, 

100 ppm, 6% O2, 15% H2O, 15 ppm SO2, 

N2 balance 

 

2.1.2 Reaction scheme 
To describe the SCR reactivity over the V-SCR catalyst, commonly used SCR reactions are 

adopted [1,2], as listed in Table 3. The Standard, Fast and NO2-SCR reactions are considered 

principal between NOx and NH3 (depending on NNR (NO2/NOx)). While NH3 is primarily 

oxidized to N2, NH3 oxidation reactions to NO and N2O are also considered. The formation of 

N2O has also been attributed to the oxidation of NH3 and NO [3], as well as the direct reaction 

between NH3 and NO2 [4,5].  
 
Table 3. Vanadium-based SCR catalyst reaction scheme. 

Type Reaction Reaction Rate 

NH3 storage/release NH3 ↔ NH3* 
Rads = kads ∙ [NH3] ∙ (1 − θNH3) 

Rdes = kdes ∙ θNH3  

Standard SCR 4 NH3* + 4 NO + O2 → 4 N2 + 6 H2O Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CO2  

Fast SCR 4 NH3* + 2 NO + 2 NO2 → 4 N2 + 6 H2O Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CNO2  

NO2-SCR NH3* + 3/4 NO2 → 7/8 N2 + 3/2 H2O Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CNO2  

NO oxidation to NO2 NO + 1/2 O2 ↔ NO2 Rr = k ∙ CNO ∙ CO2  

NH3 oxidation to N2, 

NO and N2O 

4 NH3* + 5 O2 → 4 NΟ + 5 H2O 

2 NH3* + 3/2 O2 → N2 + 3 H2O 

4 NH3* + 4 O2 → 2 N2O +6 H2O 

Rr = k ∙ ΨS ∙ ψSNH3
∙ CO2  

Rr = k ∙ ΨS ∙ ψSNH3
∙ (CO2^0.3) 

Rr = k ∙ ΨS ∙ ψSNH3
∙ CO2  

N2O formation during 

SCR 

2 NH3* + 2 NO + O2 → N2 + N2O + 3 H2O 

4 NH3* + 4 NO2 → 2 N2O + 6 H2O 

Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ (CO2^0.2) 

Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO2  

*Stored on the catalytic sites 

 

2.1.3 Model setup and calibration 
The reaction kinetic parameters of the V-SCR catalyst are calibrated to fit the experimental 

determined NOx, NH3 and N2O concentrations.  

The results of the NO and NH3 oxidation tests are presented in Figure 3. Oxidation of NO to 

NO2 is hardly detected even at high temperatures (Figure 3a). NH3 is mainly oxidized to N2 

above 300°C and is almost fully oxidized at 500°C (Figure 3b). The same figures include the 

simulation model results after fitting the kinetic parameters. The model achieves a good 

agreement with the test results in the whole temperature range.  
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Figure 3. Comparison of the experimental data (symbols) and the model (solid lines) of (a) NO oxidation (Feed 

gas: 2000 ppm NO, 6% O2, 15% H2O, 15 ppm SO2, N2 balance) and (b) NH3 oxidation (Feed gas: 1000 ppm NH3, 

6% O2, 15% H2O, 15 ppm SO2, N2 balance) at the outlet of the V-SCR catalyst. 

The outcome of the SCR activity presented in Figure 4 shows that the catalyst exceeds 80% 

NOx conversion above 300°C. In addition, the SCR process is highly dependent on the amount 

of NH3 in the feed gas. When ANR is greater than 1, NOx is almost fully converted at high 

temperatures, although this leads to unreacted NH3. When ANR is less than 1, only partial NOx 

conversion is achieved as expected from the reaction stoichiometry of the Standard SCR 

reaction (4 NH3* + 4 NO + O2 → 4 N2 + 6 H2O). As NO2 is not present in the feed gas, the 

Standard SCR is the dominant reaction and is calibrated to the test results for both NOx and 

NH3 outlet concentrations. Concerning N2O, low selectivity (below 20 ppm) is observed in all 

conditions with a significant increase at 500°C. The kinetic parameters of the simultaneous NH3 

and NO oxidation (2 NH3* + 2 NO + O2 → N2 + N2O + 3 H2O) are calibrated to fit the N2O 

formation trend.  
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Figure 4. NOx conversion, NH3 slip and N2O formation at the outlet of the V-SCR catalyst under Standard SCR 
conditions with various NH3/NOx ratios, based on the experimental data (symbols) and the model (solid lines), 

(Feed gas: 2000 ppm NO, NH3/NOx=0.8, 1.0, 1.5, 6% O2, 15% H2O, 15 ppm SO2, N2 balance). 

Addition of NO2 in the feed gas (Figure 5) enhances NOx conversion, especially at low 

temperatures. Except from the Standard SCR, the Fast SCR reaction (4 NH3* + 2 NO + 2 NO2 

→ 4 N2 + 6 H2O) is activated increasing the total NOx reduction between 150°C and 300°C. 

N2O formation is now attributed to both the simultaneous NH3 and NO oxidation, and the direct 

reaction of NO2 with NH3 (4 NH3* + 4 NO2 → 2 Ν2 + 2 N2O + 6 H2O). The additional reactions 

are calibrated to fit the experimental data.  
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Figure 5. NOx conversion, NH3 slip and N2O formation at the outlet of the V-SCR catalyst under Fast SCR 

conditions (compared to the Standard SCR conditions), based on the experimental data (symbols) and the model 
(solid lines), (Feed gas: 2000 ppm NOx, NO2/NOx=0.2, NH3/NOx=1.0, 6% O2, 15% H2O, 15 ppm SO2, N2 balance).  

In order to examine the possible reduction of N2O along the V-SCR catalyst, N2O was added 

to the feed gas (see Table 2). The results of this addition are presented in Figure 6. It is obvious 

that N2O passes unreacted through the catalyst as its selectivity (Figure 6a) is not affected when 

it is present also in the feed gas, and only N2O formation pathways are activated; hence the 

calibrated reaction scheme is able to predict the outlet N2O levels and does not need any 

modifications (Figure 6).  
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Figure 6.  N2O concentrations at the outlet of the V-SCR catalyst under Standard SCR conditions and various 

N2O inlet concentrations, based on the experimental data (symbols) and the model (solid lines), (Feed gas: 2000 

ppm NO, NH3/NOx=1.0, N2O=50, 100, 6% O2, 15% H2O, 15 ppm SO2, N2 balance). 

2.2 Catalytic processes in the Copper-based SCR 

2.2.1 Test protocols 
The Copper-based SCR (Cu-SCR) catalyst sample (Figure 7) was provided by ECOSPRAY, 

and the properties of the catalyst are summarized in Table 4.  

 
Figure 7. Copper-based SCR catalyst sample. 

Table 4. Properties of the Copper-based SCR catalyst. 

Catalyst Properties Value 

Diameter [mm] 28  

Length [mm] 90  

CPSI [-] 100  

Wall thickness [mils] 2 

Cell shape [-] triangle 

Substrate material [-] metal 

 

For the Cu-SCR, similar test protocols to the ones of the V-SCR were performed. The inlet feed 

gas and test conditions are shown in Table 5. The phenomena of NO and NH3 oxidation are 

examined first, followed by the investigation of SCR reactions under different conditions, such 

as the ANR ratio in the mixture, the composition of NOx (addition of NO2), etc.  
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Table 5. Copper-based SCR catalyst test conditions. 

Phenomena Inlet feed gas 
Temperature 

[℃] 

Space Velocity 

[h-1] 

NO oxidation  
2000 ppm NO, 6% O2, 15% H2O,  

15 ppm SO2, N2 balance 

150 

200 

250 

300 

400 

500 

20,000 

NH3 oxidation 
1000 ppm NH3, 6% O2, 15 % H2O,  

15 ppm SO2, N2 balance 

Standard SCR under ANR 

ratios 

2000 ppm NH3, NH3/NOx=0.8, 1.0, 1.5, 

6% O2, 15% H2O, 15 ppm SO2, N2 

balance 

Fast SCR                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

2000 ppm NH3, 2000 ppm NOx 

(NO2/NOx=0.2), 6% O2, 15% H2O,  

15 ppm SO2, N2 balance 

Addition of N2O 

2000 ppm NH3, NH3/NOx=1.0, N2O=50, 

100 ppm 6% O2, 15% H2O, 15 ppm SO2, 

N2 balance 

 

2.2.2 Reaction scheme 
The model development of the Cu-SCR catalyst follows the same approach as the V-SCR 

catalyst. Commonly used SCR reactions are adopted [1,2], as listed in Table 6, to describe the 

reactivity. These include the Standard, Fast and NO2-SCR reactions that are considered 

principal between NOx and NH3 (depending on NNR), NH3 oxidation to N2, and NO oxidation 

to NO2. In addition, the formation of N2O has been attributed to the oxidation of NH3 and NO 

[3], as well as the direct reaction between NH3 and NO2 [4,5].  
 
Table 6. Copper-based SCR system reaction scheme.  

Type Reaction Reaction Rate 

NH3 storage/release NH3 ↔ NH3* 
Rrads = kads ∙ [NH3] ∙ (1 − θNH3) 

Rrdes = kdes ∙ θNH3  

Standard SCR 4 NH3* + 4 NO + O2 → 4 N2 + 6 H2O Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ (CO2^0.3) 

Fast SCR 
4 NH3* + 2 NO + 2 NO2 → 4 N2 + 6 H2O 

NH3 + 1/2 NO + 1/2 NO2 → N2 + 3/2 H2O 

Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CNO2  

Rr = k ∙ CNH3 ∙ CNO ∙ CNO2  

NO2 SCR NH3* + 3/4 NO2 → 7/8 N2 + 3/2 H2O Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CNO2  

NO oxidation NO + 1/2 O2 ↔ NO2 Rr = k ∙ CNO ∙ CO2  

NH3 oxidation  

 

2 NH3 + 3/2 O2 → N2 + 3 H2O 

 

 

Rr = k ∙ CNH3 ∙ (CO2^0.5) 

 

N2O formation 

4 NH3* + 4 NO + 3 O2 → N2 + N2O + 3 H2O 

2 NH3 + 2 NO + O2 → N2 + N2O + 3 H2O 

4 NH3* + 4 NO2 → 2 Ν2 + 2 N2O + 6 H2O 

Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CO2  

Rr = k ∙ CNH3 ∙ CNO2  

Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO2  

*Stored on the catalytic sites 

 

2.2.3 Model setup and calibration 
The kinetic parameters of the Cu-SCR catalyst are adjusted to fit the experimentally determined 

NOx, NH3 and N2O concentrations. The outcomes of the NO and NH3 oxidation tests are 

depicted in Figure 8. The conversion of NO to NO2 is barely noticeable, especially at low 

temperatures (Figure 8a) and is activated above 300°C. NH3 is only oxidized to N2 above 250°C 
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and is fully oxidized at 500°C (Figure 8b). Not any NO or N2O formation is observed during 

NH3 oxidation.  

The same figures also feature the simulation model results following the fitting of the reaction 

kinetic rate parameters. The model exhibits a strong agreement with the test results in the entire 

temperature window. 

 
Figure 8. Comparison of the experimental data (symbols) and the model (solid lines) of (a) NO oxidation ((Feed 
gas: 2000 ppm NO, 6% O2, 15% H2O, 15 ppm SO2, N2 balance)) and (b) NH3 oxidation (Feed gas: 1000 ppm 

NH3, 6% O2, 15% H2O, 15 ppm SO2, N2 balance), at the outlet of the Cu-SCR catalyst. 

Figure 9 shows the results of the SCR reactivity. The catalyst exceeds 80% NOx conversion 

efficiency above 350°C. The SCR process is highly dependent on the NH3 levels contained in 

the gas mixture. Excessive NH3 (ANR=1.5) results in increased NOx reduction at high 

temperatures, although leading to increased NH3 slip, while shortage of NH3 (ANR=0.8) in the 

feed gas results in partial NOx conversion. N2O formation during the deNOx process is low with 

a maximin of 20 ppm at 500°C. 
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Figure 9. NOx conversion, NH3 slip and N2O formation at the outlet of the Cu-SCR catalyst under Standard SCR 

conditions with NH3/NOx=0.8, 1.0, 1.5, based on the experimental data (symbols) and the model (solid lines), 
(Feed gas: 2000 ppm NO, NH3/NOx=0.8, 1.0, 1.5, 6% O2, 15% H2O, 15 ppm SO2, N2 balance). 

The addition of NO2 in the feed gas (Figure 10) increases NOx conversion, especially at low 

temperatures due to the activation of the Fast SCR reaction (in the solid and gas phase) together 

with the Standard SCR. Therefore, NH3 slip is decreased. Concerning N2O, its production is 

slightly increased in the presence of NO2 as NO2 directly reacts with NH3 to form N2O (4 NH3* 

+ 4 NO2 → 2 Ν2 + 2 N2O + 6 H2O).  

The results of the calibrated model are presented in the same figure (solid lines) with 

satisfactory agreement with the experimental data across the temperature range, ANRs and 

NNRs.  
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Figure 10. NOx conversion, NH3 slip and N2O formation at the outlet of the Cu-SCR catalyst under Fast SCR 

conditions (compared to the Standard SCR conditions), based on the experimental data (symbols) and the model 
(solid lines), (Feed gas: 2000 ppm NOx, NO2/NOx=0.2, NH3/NOx=1.0, 6% O2, 15% H2O, 15 ppm SO2, N2 balance). 

To examine the possible reduction of N2O along the Cu-SCR catalyst, N2O is added to the feed 

gas during SCR reactivity (see Table 5). The corresponding results are depicted in Figure 11. It 

is obvious that N2O does not react through the catalyst, and only N2O formation pathways are 

activated; hence the calibrated reaction scheme is not affected and efficiently predicts the N2O 

outlet concentrations.  
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Figure 11.  N2O concentrations at the outlet of the Cu-SCR catalyst under Standard SCR conditions, based on the 
experimental data (symbols) and the model (solid lines), (Feed gas: 2000 ppm NO, NH3/NOx=1.0, N2O=50, 100, 

6% O2, 15% H2O, 15 ppm SO2, N2 balance). 

2.3 Catalytic processes in the Platinum-based oxidation catalyst 

2.3.1 Test Protocols 
The Platinum-based oxidation catalyst (Pt-AOC) sample (Figure 12) was provided by 

ECOSPRAY, and the properties of the catalyst are summarized in  

Table 7Table 4.  

 
Figure 12. Platinum-based oxidation catalyst sample. 

Table 7. Properties of the Platinum-based oxidation catalyst. 

Catalyst Properties Value 

Diameter [mm] 28  

Length [mm] 90  

CPSI [-] 200  

Wall thickness [mils] 2 

Cell shape [-] triangle 

Substrate material [-] metal 

 

The oxidation activity of the Pt-AOC is tested by a temperature ramp (light-off test) from 150°C 

to 600°C. The feed gas and test conditions are summarized in Table 8. 
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Table 8. Platinum-based oxidation catalyst test conditions.  

Phenomena Inlet feed gas 
Temperature 

[℃] 
Space Velocity[h-1] 

NH3 oxidation 
250 ppm NH3, 50 ppm NO, 6% O2, 

15% H2O, 15 ppm SO2, N2 balance 
150 → 600 20,000 

 

2.3.2 Reaction scheme 
Ammonia oxidation on the Pt-based oxidation catalyst is approached with a simple kinetic 

model that can give a good representation of the overall reactions [6,7]. The oxidation reactions 

used are listed in Table 9. These include the oxidation of NH3 to N2 and NO, the simultaneous 

oxidation of NH3 and NO to N2O and the oxidation of NO to NO2 (including the reverse 

reaction). 
 
Table 9. Platinum-based oxidation catalyst reaction scheme.  

Type Reaction Reaction rate 

NO oxidation NO + 1/2 O2 ↔ NO2 Rr = k ∙ CNO ∙ CO2  

NH3 oxidation 
4 NH3 + 5 O2 → 4 NΟ + 5 H2O 

2 NH3 + 3/2 O2 → N2 + 3 H2O 
Rr = k ∙ CNH3 ∙ CO2  

Rr = k ∙ CNH3 ∙ CO2  

NH3 & NO oxidation to N2O 2 NH3 + 2 NO + 3/2 O2 → 2 N2O + 3 H2O Rr = k ∙ CNH3 ∙ CNO ∙ CO2  

 

2.3.3 Model setup and calibration 
The experimental results compared to the simulation model of the Pt-based oxidation catalyst 

are presented in Figure 13. Here the focus is not only on the conversion rate of NH3 as a function 

of temperature, but also on the unwanted NOx and N2O produced by the NH3 oxidation 

reactions. It is worth noting that the calibrated model is capable of capturing these complex 

trends with respect to NOx byproducts in the whole temperature range with good accuracy.  

The concentration of NH3 shows a steep decrease from 200°C to 250°C and is fully oxidized 

around 300°C. Above 200°C, N2O selectivity increases significantly with maximum 

concentration at 250°C that reaches 100 ppm. Selectivity to NO and NO2 is favoured above 

250°C while N2O production is simultaneously decreasing. 
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Figure 13. Comparison of the NH3, NO, NO2 and N2O outlet concentrations at the outlet of the Pt-based oxidation 

catalyst based on the experimental (symbols) and the model (solid lines). 

The trend of increased N2O selectivity can be interpreted by referring to the reaction rates 

depicted in Figure 14, highlighting the competition between the reactions. Between 200°C and 

400°C, the simultaneous oxidation of NH3 and NO to N2O is favoured, while above 250°C the 

oxidation of NH3 producing NO becomes dominant; hence the availability of NH3 towards N2O 

is limited.  

 
Figure 14. Reaction rates of the Pt-based oxidation catalyst as a function of the catalyst temperature. 
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2.4 Catalytic processes in the Iron-based SCR 

2.4.1 Test Protocols 
The Iron-based SCR catalyst (Fe-SCR) sample was provided by TOPSOE (Figure 15), and the 

properties of the catalyst are summarized in Table 10Table 4.  

 
Figure 15. Iron-based SCR catalyst sample. 

Table 10. Properties of the Iron-based SCR catalyst. 

Catalyst Properties Value 

Diameter [mm] 28  

Length [mm] 150 

CPSI [-] 230 

Wall thickness [mils] 9 

Cell shape [-] square 

Substrate material [-] cordierite 

 

Fe-SCR technologies are known for the simultaneous reduction of NOx and N2O. For this 

reason, its reactivity is expected to be more complex and thus the test conditions are determined 

in such way so as to isolate the various phenomena prevailing in the catalyst and ultimately to 

facilitate the understanding of the catalyst operation for the development of the simulation 

model. The test protocols including the feed gas and inlet conditions are listed in Table 11.  
 
Table 11. Iron-based SCR catalyst test conditions. 

Phenomena Inlet feed gas 
Temperature 

[℃] 

Space Velocity 

[h-1] 

NH3 oxidation 
1000 ppm NH3, 10% O2, 15 % H2O, N2 

balance 
200 

250 

300 

350 

400 

450 

14,000 

SCR under NH3/NOx 

ratios 

1000 ppm NOx, NH3/NOx=0.7, 1.0, 3.0, 

10% O2, 15% H2O, N2 balance 

Fast SCR 

1000 ppm NH3, 1000 ppm NOx 

(NO2/NOx=0.2), 10% O2, 15% H2O, N2 

balance 

NO oxidation to NO2 
1000 ppm NO, 10% O2, 15% H2O, N2 

balance 
150 → 600 

N2O thermal 

decomposition 

200 ppm N2O, 10% O2, 15% H2O, N2 

balance 
200→ 600 

N2O reduction by NH3 
200 ppm NH3, 200 ppm N2O, 10% O2, 

15% H2O, N2 balance 

300 

350 

400 

450 

500 
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SCR with N2O 

addition under ANR 

ratios 

1000 ppm NO, NH3/NOx=0.81, 1.0, 1.2, 

1.4, N2O=100, 2001 ppm, 10% O2, 15% 

H2O, N2 balance 

250 

300 

350 

400 

450 

500 

Effect of NH3 on N2O  

1000 ppm NO, 100 ppm N2O, 

NH3=800, 1000, 1200, 1400, 1600, 

1800, 2000, 2500, 3000, 10% O2, 15% 

H2O, N2 balance 

350 

400 

450 

1When NH3/NOx=0.8, N2O=200 ppm.  

 

2.4.2 Reaction scheme 
To describe the SCR reactivity over the Fe-SCR catalyst, the reactions listed in Table 12 are 

adopted. These include the Standard and Fast SCR, N2O formation pathways, the oxidation of 

NO to NO2 and the oxidation of NH3 to form N2. In addition, the global reactions of N2O 

reduction by NH3 [8,9] or by NH3 and NO [10] and N2O thermal decomposition [11] are added 

to the final reaction scheme.  

In the case of the Fe-SCR catalyst, phenomena such as the overconsumption of NH3 during 

NOx reduction, inhibition of NH3 on NOx conversion when exposed to high NH3 concentrations 

that is reduced in the presence of N2O in the feed gas, and the promotion of NH3 oxidation in 

the presence of N2O are observed. The reaction scheme has been adjusted to take into account 

all the above. The behavior is further analyzed in Section 2.4.3. 
 
Table 12. Iron-based SCR catalyst reaction scheme (Engimmonia model). 

Type Reaction Reaction Rate 

NH3 storage/release NH3 ↔ NH3* 
Rrads = kads ∙ [NH3] ∙ (1 − θNH3) 

Rrdes = kdes ∙ θNH3  

Modified Standard 

SCR 

Standard SCR (+N2O) 

6 NH3* + 5 NO + 2 O2 → 11/2 N2 + 9 H2O 

NH3* + NO + 1/4 O2 + N2O → N2 + 3/2 H2O +N2O 

Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CO2/ (1+k ∙ CNH3

2) 

Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CO2 ∙ CN2O 

Fast SCR NH3* + ½ NO + ½ NO2 → N2 + 3/2 H2O Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CNO2  

N2O formation 

pathways 

2 NH3* + 2 NO + O2 → N2 + N2O + 3 H2O 

2 NH3* + 2 NO2 → Ν2 + N2O + 3 H2O 

Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CO2  

Rr = k ∙ ΨS ∙ ψSNH3
∙ CNO2  

NO oxidation to NO2 NO + 1/2 O2 ↔ NO2 Rr = k ∙ CNO ∙ CO2  

NH3 oxidation to N2 NH3* + 3/4 O2 → ½ N2 + 3/2 H2O Rr = k ∙ ΨS ∙ ψSNH3
∙ CO2 ∙  (1+k ∙ CN2O) 

N2O thermal 

decomposition 
2 N2O → 2 N2 + O2 Rr = k ∙ CN2O 

N2O reduction by NH3 2 NH3* + 3 N2O → 4 N2 + 3 H2O Rr = k ∙ ΨS ∙ ψSNH3
∙ CN2O/ (1+k ∙ CNH3

1.5) 

Simultaneous 

reduction of NO and 

N2O by NH3 
2 NH3* + 2 NO + N2O → 3 N2 + 3 H2O Rr = k ∙ ΨS ∙ ψSNH3

∙ CNO ∙ CN2O 

*Stored on the catalytic sites 

 

2.4.3 Model setup and calibration 
The kinetic parameters of the reaction rates were calibrated in order to fit the experimental data 

for NOx, NH3 and N2O. The results of the experimental data and the simulation model for the 
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NO oxidation to NO2 and the oxidation of NH3 to N2 are presented in Figure 16a and Figure 

16b respectively. The oxidation of NO is detected above 200°C with maximum oxidation 

around 450°C. NH3 is oxidized to N2 above 300°C, while not any NO or N2O formation was 

observed.  

 
Figure 16. Comparison of the experimental data (symbols) and the model (solid lines) of (a) NO oxidation ((Feed 
gas: 1000 ppm NO, 10% O2, 15% H2O, N2 balance)) and (b) NH3 oxidation (Feed gas: 1000 ppm NH3, 10% O2, 

15% H2O, N2 balance), at the outlet of the Fe-SCR catalyst. 

Figure 17 shows NOx and NH3 conversion under SCR conditions. According to the commonly 

used SCR reaction (4 NO + 4 NH3 + O2 → 4 N2 + 6 H2O) equal number of moles of NOx and 

NH3 react. However, testing of the Fe-SCR catalyst revealed an overconsumption of NH3 

compared to NOx (symbols in Figure 17). This behavior has been observed in several previous 

studies [12-15]. Therefore, for the development of the model, the stoichiometry of the typical 

standard SCR reaction has been modified as:  

 
6 NH3* + 5 NO + 2 O2 → 11/2 N2 + 9 H2O (2) 

 

This modified Standard SCR reaction (Engimmonia model) is able to successfully describe the 

overconsumption of NH3 (solid lines in Figure 17).  
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Figure 17. NOx and NH3 conversion at the Fe-SCR catalyst under standard SCR conditions, based on the 

experimental data (symbols) and the model (solid lines, Engimmonia model) (Feed gas: 1000 ppm NO, 
NH3/NOx=1.0, 10% O2, 15% H2O, N2 balance). 

The experimental testing is expanded to examine the dependence of the inlet NH3 

concentrations on the catalyst efficiency (NOx conversion). The experimental outcome is 

depicted in Figure 18a with symbols. When ANR is less than 1, the catalyst performance is 

reduced due to lack of NH3 to further react with NOx. When abundant NH3 is present 

(ANR=3.0), NOx conversion increases at temperatures above 350°C. At lower temperatures 

(below 300°C) and in excessive NH3 (ANR=3.0), NOx conversion is significantly reduced. To 

simulate this phenomenon, an inhibition term (1+k∙ CNH3

2) is added to the reaction rate of the 

modified Standard SCR (reaction (2)):  

 R = k ∙ ΨS ∙ ψSNH3
∙ CNO ∙ CO2/ (1+k ∙ CNH3

2) (3) 

The introduction and calibration of the inhibition term results in good accuracy between the 

experimental data (Figure 18a symbols) and the Engimmonia model (Figure 18a solid lines). 

The conversion of NOx with (Engimmonia model) and without (Standard model) the inhibition 

term in the case of ANR=3.0 is shown in Figure 18b. It is evident that when NH3 inhibition is 

activated, the rate of NOx conversion is reduced in the desired temperature range. Consequently, 

the model satisfactorily predicts NOx concentrations at all conditions and temperatures.  
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Figure 18. NOx conversion (a) under various ANR ratios including the inhibition term and (b) under ANR=3.0 with 
(Engimmonia model) and without (standard/literature model) the inhibition term, at the Fe-SCR catalyst, based on 

the experimental data (symbols) and the model (solid lines), (Feed gas: 1000 ppm NO, NH3/NOx=0.7, 1.0, 3.0, 
10% O2, 15% H2O, N2 balance). 

Figure 19 presents the NH3 slip and N2O formation under various ANRs. Excess NH3 in the 

mixture leads to large concentrations of NH3 slip, while in the case of stoichiometric ANR or 

deficiency of NH3, NH3 completely reacts with NOx (except from 200°C where the low 

temperature does not trigger SCR reactions). Selectivity to N2O is maintained at low levels (<10 

ppm) and it is not affected by NH3 levels. The Engimmonia model (including the modifications) 

is able to predict this behaviour.  

 
Figure 19. NH3 slip and N2O formation at the outlet of the Fe-SCR catalyst under Standard SCR conditions with 

NH3/NOx=0.7, 1.0, 3.0, based on the experimental data (symbols) and the model (solid lines). 

The addition of NO2 in the feed gas (Figure 20) increases NOx conversion rate, especially at 

low temperatures, as the Fast SCR is activated. Low selectivity to N2O (below 5 ppm) is 

observed in all conditions. The results of the calibrated Engimmonia model are presented in the 

same figure (solid lines). Satisfactory agreement between the Engimmonia model and the 

experimental data are observed within the whole temperature range, ANR and NNR ratios.  
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Figure 20. NOx conversion, NH3 slip and N2O formation at the outlet of the Fe-SCR catalyst under Fast SCR 

conditions (compared to Standard SCR conditions), based on the experimental data (symbols) and the model 

(solid lines), (Feed gas: 1000 ppm NOx, NO2/NOx=0.2, NH3/NOx=1.0, 10% O2, 15% H2O, N2 balance) 

In addition to the NOx reduction potential, Fe-SCR catalysts have the advantage of catalysing 

N2O emissions as well. Figure 21 presents N2O conversion efficiency under thermal 

decomposition conditions, i.e., without any NH3 in the feed gas. It is evident that high 

temperatures (above 400°C) are required to activate the N2O decomposition reaction (2 N2O → 

2 N2 + O2), while 80% conversion is achieved at very high temperatures (⁓575°C). The reaction 

kinetic parameters of the N2O decomposition reaction are calibrated to accurately predict the 

experimental data.  
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Figure 21. N2O thermal decomposition of the Fe-SCR catalyst, based on the experimental data (symbols) and the 

model (solid lines), (Feed gas: 200 ppm N2O, 10% O2, 15% H2O, N2 balance) 

Figure 22a (symbols) presents the results of N2O reduction by NH3 with reference to the global 

reaction:  

 
2 NH3* + 3 N2O → 4 N2 + 3 H2O (4) 

NH3 and N2O react in a ratio of 2/3. As NH3 and N2O levels in the feed gas are equal 

(NH3=N2O=200 ppm), a greater reduction of N2O than NH3 would be expected. On the 

contrary, at temperatures below 450°C, the conversion of NH3 is greater than that of N2O. This 

behaviour is attributed to the oxidation reaction of NH3 to N2 (NH3 + 3/4 O2 → 1/2 N2 + 3/2 

H2O) which is enhanced by the presence of N2O [11]. To account for this phenomenon in the 

Engimmonia model, a ‘promotion’ term (1+k ∙ CN2O) was added to increase the reaction rate of 

the NH3 oxidation reaction in the desired temperature window as:   

 R = k ∙ ΨS ∙ ψSNH3
∙ CO2 ∙  (1+k ∙ CN2O) (5) 

Following this approach, the Engimmonia model (solid lines of Figure 22a) can predict the 

behaviour observed in the experiment. The oxidation rate of NH3 is enhanced between 300°C 

and 400°C (Figure 22b) in the presence of N2O (Engimmonia model) and the overconsumption 

of NH3 is satisfactorily determined. At temperatures above 400°C the NH3 oxidation rate 

decreases resulting in an outweighing of N2O conversion. 
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Figure 22. N2O reduction by NH3 at the Fe-SCR catalyst: (a) N2O and NH3 conversion including the promotion 

term and (b) NH3 oxidation reaction rate with and without N2O, based on the experimental data (symbols) and the 

model (solid lines), (Feed gas: 200 ppm NH3, 200 ppm N2O, 10% O2, 15% H2O, N2 balance). 

Then, N2O is added during the deNOx process resulting in an increase in NOx conversion and a 

reduction in NH3 overconsumption (Figure 23a). To adapt the model to this behavior, the typical 

Standard SCR reaction is added to the reaction scheme including N2O in both the reactants and 

products (Standard SCR + N2O):  

 
NH3* + NO + ¼ O2 + N2O → N2 + 3/2 H2O + N2O (6) 

This way, the reaction is activated only in the presence of N2O with no effect on the N2O 

concentration in the exhaust gas. The addition of this reaction results in satisfactory accuracy 

of the Engimmonia model (solid and dashed lines of Figure 23a) and the experimental data 

(symbols of Figure 23a) both in the presence and absence of N2O. Figure 23b shows that in the 

presence of N2O, reaction (6) is dominant while the reaction rate of the modified standard SCR 

(reaction (2)) decreases due to competition between the two reactions.  
 

 
Figure 23. SCR reactivity in the presence of N2O at the Fe-SCR catalyst: (a) NOx and NH3 conversion including 

the Standard SCR + N2O, and (b) reaction rates of the Standard SCR + N2O and modified SCR in the presence of 
N2O, and the modified SCR in the absence of N2O, based on the experimental data (symbols) and the model 

(solid lines), (Feed gas: 1000 ppm NO, NH3/NOx=1.0, 100 ppm N2O, 10% O2, 15% H2O, N2 balance). 
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The above approach gives good agreement between the experimental data and the Engimmonia 

model for the full range of tested ANRs (Figure 24). NOx conversion increases at higher NH3 

levels, however with higher concentrations of unreacted NH3 at the catalyst outlet.  

Regarding N2O conversion, the global reaction of N2O and NO reduction by NH3 is added to 

the reaction scheme:  

 
2 NH3* + 2 NO + N2O → 3 N2 + 3 H2O 

 
(7) 

An increase in N2O conversion efficiency with NH3 increase is observed, reaching 80% at a 

temperature above 350°C. 

 
Figure 24. NOx conversion, NH3 slip and N2O conversion at the outlet of the Fe-SCR catalyst under Standard 
SCR conditions with NH3/NOx=0.8, 1.0, 1.2, 1.4, and N2O inlet concentration, based on the experimental data 

(symbols) and the Engimmonia model (solid lines), (Feed gas: 1000 ppm NO, NH3/NOx=0.8*, 1.0, 1.2, 1.4, 
N2O=100, 200* ppm, 10% O2, 15% H2O, N2 balance). 

Finally, the effect of NH3 on N2O conversion efficiency is examined by varying the inlet 

concentration of NH3. Only the critical temperature range of N2O conversion is examined 

(350°C, 400°C and 450°C). The experimental outcome is shown in Figure 25 with symbols. As 

NH3 concentration increases, N2O conversion also increases reaching a maximum at 1400 ppm 
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NH3. An optimal overall efficiency is observed at 1200 ppm NH3 where NOx and N2O 

conversions are maximized and NH3 slip is low. Further increase of NH3 has a negative effect 

on N2O reduction especially at the lower temperatures (350°C and 400°C). To model this 

behaviour an NH3 inhibition to the reaction rate of the direct N2O reduction by NH3 (2 NH3* + 

3 N2O → 4 N2 + 3 H2O) is applied:  

 Rr = k ∙ ΨS ∙ ψSNH3
∙ CN2O/ (1+k ∙ CNH3

1.5) (8) 

It is evident in Figure 25 (solid lines) that by introducing the inhibition term to the reaction 

scheme, the Engimmonia model fits the experimental data. 

 
Figure 25. N2O conversion, NOx conversion and NH3 slip including the inhibition, at the outlet of the Fe-SCR 

catalyst under various NH3 inlet concentrations, based on the experimental data (symbols) and the Engimmonia 

model (solid lines), (Feed gas: 1000 ppm NO, variable NH3, 100 ppm N2O, 10% O2, 15% H2O, N2 balance). 

Figure 26 compares N2O conversion efficiency when the inhibition term is activated (solid 

lines, Engimmonia model) and deactivated (dashed lines, standard/literature model). It is clear 

that when the inhibition is not included in the reaction, N2O conversion increases as NH3 inlet 

concentration increases.  
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Figure 26. N2O conversion with and without the inhibition, at the Fe-SCR catalyst under various NH3 inlet 

concentrations, based on the standard/literature model (dashed line) and the Engimmonia model (solid line), 

(Feed gas: 1000 ppm NO, variable NH3, 100 ppm N2O, 10% O2, 15% H2O, N2 balance). 
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3. Conclusion and Future Plans 

In the context of this deliverable, the processes taking place in the catalytic devices installed 

in the exhaust line of the ammonia dual-fuel (DF) engine were investigated. Starting with 

targeted small-scale testing, the catalytic activity of V-SCR, Cu-SCR, Pt-based oxidation 

catalyst and Fe-SCR systems was examined, providing useful insights concerning the 

occurring reactions. In turn, this supported the adoption of the appropriate chemical reaction 

scheme in the simulation models. Based on the test observations, the chemical reaction scheme 

for the V-SCR and Cu-SCR systems consisted of the commonly used SCR reactions 

(standard/literature model). On the other hand, in the case of the Fe-SCR catalyst, particular 

modifications of the chemical reaction scheme were necessary in order to accurately describe 

the occurring processes (Engimmonia model). These modifications were: 

• modification of the Standard SCR reaction stoichiometry (eq. 2), 

• inhibition of the modified Standard SCR reaction by NH3 at high NH3 inlet 

concentrations and low temperatures (inhibition term added to the reaction rate (eq. 

3)), 

• promotion of NH3 oxidation to N2 in the presence of N2O (promotion term added to 

the reaction rate (eq.5)), 

• addition of the typical Standard SCR with N2O both in the reactants and products 

(Standard SCR+N2O) (eq.6),  

• inhibition of the direct N2O reduction by NH3 at high inlet concentrations of NH3 

(inhibition term is added to the reaction rate (eq.8)).  

After adopting the appropriate chemical reaction scheme, the simulation models were 

calibrated and validated using the experimental data, providing satisfactory agreement 

throughout the whole temperature range that is relevant for the NH3 DF engine. The developed 

models are going to be further used (in Tasks 4.2 and 4.6) in order to investigate in more detail 

the phenomena occurring in the examined catalytic devices, aiming at their improvement and 

optimization for the NH3 DF engine. Further to the examination of the individual devices, the 

models will be used for the evaluation of the complete EATS, which is expected to comprise 

multiple catalysts to successfully control all N-species. 
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