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Abstract 

The enforcement of the EURO VII legisla�on has introduced challenges for heavy-duty 
commercial vehicles. Severe condi�ons and extreme opera�onal boundaries are considered 
when EURO VII legisla�on required the Engine A�ertreatment System (EATS) to oblige strict 
requirements. To concur with the cost and �me-consuming constraints inherent in the 
tradi�onal Synthe�c Catalyst Ac�vity Test (SCAT) bench, the concept of the virtual engineering 
development of a high-fidelity simula�on model becomes indispensable. The study establishes 
a predic�ve and well-structured 1D kine�c model for ammonia adsorp�on on dual-site 
selec�ve cataly�c reduc�on (SCR) system by u�lizing the engine development so�ware AVL 
CRUISE M. To survive under the highly dynamic exhaust flows and non-linear kine�cs, the 
model and kine�cs were mathema�cally customized by User Coding Interface (UCI) together 
with step func�ons and sign formulas to maintain stability and stabilize the oscilla�ons by 
coupling ordinary differen�al equa�ons (ODE) in the background. Parameter op�miza�on was 
taken by a three-step work with the sensi�vity analysis based on a one-factor-at-a-�me-
approach with DoE-Taguchi L9 Array and proceeding the vector guess by introducing the 
results into Levenberg-Marquardt (LM) algorithm by MATLAB to avoid any poten�al local 
minima. The calibrated model was validated against condi�ons of various concentra�ons and 
gas hourly space veloci�es (GHSV). The model atempt to yield an outstanding mean absolute 
error (MAE) of 1.9% and root mean square error (RMSE) of 2.8% in the baseline condi�on but 
also performed an MAE of 4.5% and RMSE of 6.9 % in extreme condi�ons, demonstra�ng the 
fidelity for EURO VII a�ertreatment system development.  

 

Keywords: EURO VII, SCR kine�c Modelling, Taguchi Method, Levenberg-Marquardt 
Algorithm, 1D-CFD simula�on  
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1D A�ertreatment Simula�on and Model Calibra�on for Euro VII Engines 

Dennis Wang 

 Chalmers University of Technology, Gothenburg, Sweden 

1. Introduc�on 

1.1 Introduc�on to EURO VII and the a�ertreatment systems 

  The EURO VII legisla�on has introduced unprecedented challenges for heavy duty 
commercial vehicles, the new legisla�on not only enforces �ghter limits on NOx but 
also emphasizes the effect on extreme boundary condi�ons. For instance, cold start 
and real driving emissions are two main focuses. To sa�sfy the performance on these 
events, tradi�onal and physical test benches no longer support the demand of such 
�me-consuming and cost-prohibi�ve experiments, and this is when virtual engineering 
(e.g. 1D kine�c modelling) takes the lead in modern powertrain developments [1]. 1D 
modelling has the privilege on enabling engineers to ascertain the poten�al in the early 
development of rapid, iterate engines and exhaust systems on the EURO VII compliance 
[2]. Therefore, developers can accomplish a robust system to help improve the 
efficiency before any physical prototype takes the place by shi�ing the calibra�on and 
valida�on workload into virtual pla�orms. The exhaust a�ertreatment system (EATS) 
are complex chemical reactors operated under dynamic and thermal exhaust flow 
condi�ons. To predict the tailpipe emissions accurately, high-fidelity mathema�cal 
models for each individual a�ertreatment system components are required. Diesel 
Par�cular Filter (DPF), Catalysed Soot Filters (CSF) for trapping Par�culate Mater (PM), 
Selec�ve Cataly�c Reduc�on (SCR) for NOx abatement and Ammonia Slip Catalyst 
(ASC), preven�ng the unreacted NH3 to escape from the exhaust hereby acts as a series 
of components integrated into the EATS configura�on [3]. Chemical reac�ons may 
differ in different counterparts of the a�ertreatment system, the philosophy of 
modelling however can s�ll be applied to the selec�ve cataly�c reduc�on (SCR) system, 
which serves as the main technology for NOx reduc�on in heavy-duty diesel 
commercial vehicles. Vehicle system simula�ons have proven the high efficiency for 
emission performance in different opera�onal scenarios [4]. The EATS is required to 
maintain its excep�onal NOx conversion efficiency across the fluctua�ng temperatures 
and mass flow rates under EURO VII. As the result, a precise 1D SCR model 
development is crucial for the engineering challenge with rigorous calibra�on and 
valida�on, and this forms the primary mo�va�on for the research.       
 
The macroscopic emission reduc�on in EATS requires a rigorous 1D kine�c model to 
accurately simulate and define the chemical kine�cs in the catalyst. For modern SCR 
catalyst, the system u�lizes metal-exchanged zeolites, such as Cu-CHA or iron-based 
zeolites in accordance with their thermal stability and high cataly�c ac�vity, with the 
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founda�onal structure dicta�ng the reac�vity [5]. The development of the digital twin 
model requires the first step on understanding the specific structure and reac�vity 
rela�onships of the sites to define the equa�ons and reac�ons of the model. 
Vanadium-based SCR (V-SCR) catalysts were widely used for commercial vehicles due 
to their cost performance and sulphur tolerances. Although V-SCR has the privilege 
over other type of catalysts men�oned above, the catalyst would exhibit the 
characterisa�on of thermal durability loss when condi�ons of extreme temperature 
occur. Historically, some global kine�c models assume a single type of site as a 
compromise for ammonia adsorp�on instead of two or more sites to minimize 
computa�onal complexity. However, extreme condi�ons such as accuracy in heavy-
duty EURO VII applica�ons demand two or more ac�ve sites to be sufficient for 
modelling. Research on global kine�c modelling has demonstrated that copper-
exchanged zeolites such as the Cu-SSZ-13 possess at least two dynamic sites for 
ammonia storage [6]. Therefore, adop�ng a two-site storage model for the research is 
quite impera�ve, with site 1 as the strong site (e.g. Cu2+ ), responsible for high 
temperature desorp�on and site 2 the weak site (e.g. Brønsted acid sites), responsible 
for low temperature desorp�on. Although, two-site model introduces addi�onal 
Arrhenius parameters and increases the complexity of calibra�on and valida�on 
indeed, predic�ng ammonia desorp�on dynamics across a broad working temperature 
for commercial vehicle accurately is undoubtedly necessary [7]. This ensures that the 
AVL Cruise M model reflects the physical limits of the catalyst. To implement the 
complex dual-site kine�c mechanisms within the simula�on, conven�onal modelling 
will require look-up tables to approach the expected reac�on rates [6]. However, 
opera�ng condi�ons such as EURO VII could not be fulfilled by look-up tables, the 
model requires flexibility and resolu�on to accurately capture thermal and chemical 
shi�s. To tackle the limita�ons, the research abandons the tradi�onal table referencing 
method and u�lizes mathema�cally defined step func�ons together with the user 
coding interface to approach dynamic and con�nuous control logic over kine�c 
parameters. This not only ensures the high fidelity of the simula�on but also cul�vates 
a robust design for the subsequent integra�on of the MATLAB algorithm, LSQCURVEFIT.   
 

1.2 SCR kine�c Modelling  

To establish a precise 1D model, the kine�c model must be grounded in the 
fundamental mechanisms of ammonia adsorp�on and desorp�on. It has been 
demonstrated that the catalyst’s ammonia storage capacity must be defined strictly 
through the temperature programmed desorp�on (TPD) analysis before any 
macroscopic NOx reduc�on can be simulated [8, 9]. As NH3 adsorp�on serves as the 
prerequisite step for subsequent cataly�c reac�ons and simultaneously dictates the 
site availability, a group of accurate Arrhenius parameters for ammonia desorp�on 
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must be enhanced and thereby forms the founda�on of steady-state kine�c modelling 
[8, 10, 11]. For heavy-duty vehicle applica�ons, copper zeolites are selected over iron 
or manganese ones due to the superior low-temperature and robust performance [12, 
13]. To capture the dynamics in the copper zeolites, a global kine�c model which 
accounts for at least two storage sites is impera�ve [10]. Although, real-world 
opera�ons mostly run on transient-condi�ons, intrinsic parameters are isolated and 
ini�ally validated under steady-state condi�ons. It is necessary to establish the steady-
state model before introducing complex real-world variables, such as the dynamic SCR 
reac�ons for the presence of NO2 [14]. 
 
 Predic�ng the steady-state conversion is mathema�cally challenging, especially under 
various space velocity and inlet gas concentra�ons. Studies have shown that the 
measurement of the distribu�on of the inlet gas concentra�on varies significantly 
along the catalyst length [15]. Any minor inaccuracies of the parameters such as the 
pre-exponen�al factors or the desorp�on rate will lead to significant simula�on errors 
for the valida�on and calibra�on of the model. Structured SCR models are provided by 
AVL to predict non-linear kine�c behaviours across different space veloci�es. However, 
models provided directly from the suppliers mostly func�on as black boxes and limits 
the ability to manipulate mul�-site adsorp�on or detailed reac�on mechanisms [7].  
 

1.3 Catalyst aging and poisoning 

Although, steady-state calibra�on for fresh catalyst cul�vates the fundamental specs 
of the 1D-CFD simula�on, comprehensive modelling for heavy-duty vehicles must also 
involve the further development to consider long-term exposure to harsh exhaust 
environments, as the exposure alters the ac�ve sites and kine�c parameters for copper 
zeolites. Opera�ng under the EURO VII standard, catalyst systems are con�nuously 
exposed to severe chemical degrada�ons, durability requirements once again point out 
the importance of considering aging environments. Phosphorus poisoning is 
considered as one of the primary chemical effects, studies have indicated that the 
phosphorus poisoning reac�ons interac�ng with Cu sites, impairs the performance of 
NH3-SCRs [15, 16, 17, 18]. SO2 poisoning from the exposure under SCR is another 
cri�cal challenge. The forma�on of copper sulphates and ammonia sulphates blocks 
the pores and the ac�ve sites, forces the reac�on to be paralysed [19,20]. Although, 
anodic sulphur poisoning can be concurred by the regenera�on of catalyst through 
thermal management, the fluctua�on of sites complicates the kine�c modelling [21, 
22]. Exposure to high temperature and water vapor causes a permanent migra�on of 
ac�ve sites in the Cu-zeolite and thereby degrade the system’s NOX reduc�on 
performance [23, 24]. Although the research currently focuses on steady-state kine�cs 
of fresh catalysts to eliminate the interferences and to cul�vate the founda�on of a 
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clear model, the acknowledgement of the aging mechanisms refreshes the value of the 
methodology. By ge�ng rid of the SCR model provided by AVL, core kine�c equa�ons 
and step func�ons can integrate the exis�ng model with future development such as 
dynamic sites or various ac�va�on energies resul�ng from catalyst deac�va�on, the 
high-fidelity model could manipulate and expand itself into complex aging and 
poisoning simula�on for future work.  
 

1.4 Digital Twins and the automo�ve simula�on  

Digital twin serves as a virtual replacement of the physical system for mirroring the 
opera�onal dynamics [25]. The integra�on of the technology has a huge economic 
impact on reducing development cycles and physical prototyping costs by op�mizing 
the performance [26]. A highly predic�ve model is the core of any valuable and 
func�onal digital twin [27]. Therefore, to develop a model which survives under high-
temperature processes on behalf of extreme thermal gradients and chemical 
environments in the Exhaust A�ertreatment Systems (EATS) becomes crucial [28]. The 
challenge sets as a founda�on of 1D-CFD simula�ons to perceive fluid dynamics, 
kine�cs and heat transfer accurately [24]. As the result, digital twins are therefore 
u�lized for simula�on in vehicle dynamics and powertrain interac�ons for 
developments [29]. The research employs AVL Cruise M, a widely recognized 1D 
simula�on pla�orm for advanced vehicle simula�on [30]. AVL Cruise M offers the 
environment for implemen�ng dynamic boundary condi�ons by customized coding 
tools engaged with python and visual C++ together with advanced use defined control 
logics. Conven�onally, pre-compiled simula�on model would suffer from loss of fidelity 
when extreme condi�ons or fluctua�ng boundary condi�ons occur, in contrast, a 
rigorous evalua�on has demonstrated that a custom-coded model in AVL Cruise M 
could help prevent the loss and distor�on [31]. Supported by strict Mean Absolute 
Error (MAE) and Root Mean Square Error (RMSE) evalua�on, the mathema�cal 
framework establishes a precise and technical founda�on for the virtual pla�orm 
valida�on process.   
 
Iden�fica�on of the most sensi�ve variables among the parameters is fundamentally 
required prior to the final op�miza�on of the model. Taguchi method is employed to 
achieve the goal by reducing the number of simula�ons required to prac�ce and 
simultaneously maintaining a top-notch sta�s�cal confidence especially when complex 
non-linear interac�ons occur. The method conducts the orthogonal array to allow the 
systema�c design for the experiments capture the possible combina�on and evaluate 
the primary effects of the various parameters including pre-exponen�al factor, 
desorp�on rate, ac�va�on energy and storage capacity within the two ac�ve sites [32, 
33, 34].  Taguchi Method has been proven for its reliability and robustness for a wide 
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variety of fields ranging from performance tracking to quality control in diverse 
industries or even for the op�miza�on of pulp produc�on processes and 
electromagne�c applica�ons for the design of antennas [35, 36, 37]. The proven 
methodology can be prac�ced to systema�cally isolate the tuning process among 
sensi�ve parameters.   
 

1.5 The op�miza�on methodology of kine�c parameters 

Integra�on of algorithm is considered as an op�mizing and widely recognized way to 
improve complex 1D-CFD kine�c modelling in modern engineering nowadays [38]. Due 
to the non-linear characteris�cs of Arrhenius chemical kine�cs, manual calibra�on is 
indeed impossible to be implemented for the op�miza�on, and therefore systema�c 
computa�onal methods are considered. Nevertheless, single-algorithm strategies 
would encounter limita�ons when sensi�ve computa�onal fluid dynamics simula�on 
(CFD) approaches. Gradient-based local op�miza�on such as the Levenberg-Marquardt 
(LM) algorithm offers non-linear curve-fi�ng capabili�es but depends on the ini�al 
quality of local minimum and guess. Nowadays, simula�on op�miza�on focuses on the 
necessity of combina�on within different strategies and has been demonstrated that 
coupling strategies with precise LM algorithm yields the success of avoiding local 
op�mal traps [39]. Instead of relying on one single algorithm, the research adapts a 
combina�on of the Taguchi method to narrow down the boundaries, limita�ons and 
feed the guesses into MATLAB by conduc�ng LM algorithm with the exact lsqcurvefit 
process. Two-step solver ensures the quality of the op�miza�on remains on a high 
precision and fits the coded SCR model without distor�ons and loss of mathema�cal 
fidelity compared with tradi�onal steady-state physical experiments.  
 
To tackle the weakness of the model, the research chose to construct the SCR kine�c 
model by u�lizing the user coding interface (UCI), mainly focusing on ammonia 
adsorp�on and storage as the cri�cal process for the founda�on of the model. From 
self-defined kine�c equa�ons and step func�ons, flexibility is gained to capture the 
steady-state varia�ons at extreme condi�ons such as a high space velocity or a low 
concentra�on. Evalua�on of the error is taken by Mean Absolute Error (MAE) and Root 
Mean Square Error (RMSE) to quan�fy the devia�on between the simula�on and test 
data from SCAT experiments. Taguchi Method and LSQCURVEFIT algorithm are used to 
systema�cally calibrate the kine�c parameters.  
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2. Principle and Mechanisms of the valida�on and calibra�on process of SCR model  

2.1 Establishment of the analysis model 

The model is built via AVL Cruise M, R2024.R2 with Use Coding Interface (UCI) 
simula�ng the SCAT reactor. The model includes Mass Flow Boundary, Catalyst, System 
Boundary with Step Func�ons and Constants. The Mass Flow Boundary here defines 
the upstream gas that enters the system, with physical parameters such as the mass 
flow rate, temperature, pressure or gas species and concentra�ons. Catalyst hereby 
represents the physical Selec�ve Cataly�c Reduc�on (SCR), incorporated with channel 
geometry, washcoat proper�es, heat transfer dynamics and kine�c reac�ons. The 
downstream of the exhaust gas is represented by the system boundary, controlling the 
thermal condi�ons at the exit of the catalyst. Step func�ons and constant blocks act as 
the control and signal elements to impose the transient condi�ons during TPD or 
kine�c parameter valida�on procedures. Structure of the model is illustrated in Figure 
1. 

 

Figure 1 Overview of the selec�ve catalyst reduc�on (SCR) model 

Dimensions of the model  

(1) Catalyst Material: Cordierite 
(2) Catalyst Washcoat: Copper 
(3) Volume: 0.01287 L 
(4) Diameter: 25.3996 mm 
(5) Cross sec�onal area: 506.69 mm² 
(6) Length: 25.4 mm 
(7) Cell Density: 400 1/in² 
(8) Wall Thickness: 0.1016 mm 
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(9) Open Frontal Area: 0.7056 
(10) Channel Structure: Square cell 
(11) Geometrical surface area: 2897,64 1/m 

 

2.2 Physical system of the study  

The configura�on of the engine a�ertreatment system (EATS) is established by a one-
dimensional (1D) flow model. The system evaluates the ammonia inlet/outlet and 
adsorp�on or storage capacity with different Temperature-Programmed-Desorp�on 
(TPD) programs, under various condi�ons such as the adsorp�on temperature, space 
velocity (GHSV) and concentra�on. Assuming uniform profiles and steady state 
condi�ons, the model op�mizes the fidelity and efficiency of the simula�on model. The 
system is simplified to consider ammonia (NH3) as the direct injec�on to the inlet of 
the catalyst due to the complexity and loss of fidelity when urea-water solu�on appears 
to be involving further defects such as thermochemical decomposi�on or evapora�on. 
As a result, this allows a dedicated evalua�on of the washcoat reac�on instead of 
confron�ng effects such as incomplete mixing or secondary urea deposit forma�on.  

 

2.2.1 NH3 adsorp�on and TPD protocol setup  

To systema�cally evaluate adsorp�on, storage capacity and the kine�cs, the model was 
standardized to the test protocol from experiment conducted by Traton Germany. The 
following graph illustrates the TPD sequence under baseline condi�on of 
1500PPM,80,000 1/h established in the SCAT experiment. 

 

Figure 2 TPD sequence under baseline condi�on of 1500PPM,80,000 1/h 
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2.3 Model specifica�on and assump�ons  

The solid substrate material of the catalyst is designated as Cordierite, providing a 
defini�ve geometric surface area, channel diameter and void frac�on for monitoring 
mass transfer coefficients composed of a honeycomb structure. Conversely, the 
washcoat of the catalyst formed by copper zeolite which governs the ac�ve sites are 
decoupled via custom user coding interface (UCI) with the background logic consisted 
of Arrhenius equa�ons. A se�ng of constants and step func�ons are served as control 
logic and limita�ons based on various TPD programs to avoid nega�ve concentra�on 
integra�ons or ensuring the convergence of ordinary differen�al equa�ons (ODEs) 
through different tes�ng points.  
 

2.3.1 The sensi�vity test and parameter op�miza�on workflow 

The op�miza�on process is executed across three sequen�al stages, with One-Factor-
at-a-Time (OFAT), the sensi�vity test was manually conducted to observe the poten�al 
impacts of the variables then input the iden�fied sensi�ve parameters into the Taguchi 
orthogonal array. The structured approach would evaluate the interac�ons and 
establish the boundary limits for the third stage process. Algorithmic op�miza�on 
would hereby be conducted, screening the dominant parameters and achieving high 
fidelity against the experimental data. 
 
 The op�miza�on method is compulsory to manage the large variety of global 
parameters for Arrhenius kine�c equa�ons. Replacing the black-box model with a user-
defined model requires the es�ma�on of numerous kine�c parameters, including 
adsorp�on/desorp�on pre-exponen�al factors, ac�va�on energies, and storage 
capaci�es, while  conduc�ng a simultaneous mul�-variable test would lead to 
algorithmic divergence and local minima traps, localized sensi�vity test can be u�lized 
to isolate the dominant variables and set up a fundamental limit for sourcing and 
further op�miza�on. One-Factor-at-a-Time (OFAT), the experimental method 
researchers normally use to observe the poten�al impacts of variables, is employed to 
support the background analysis of the sensi�vity test. Secondary parameters are held 
as controlled variables with the target kine�c parameter as the independent variable 
to evaluate the trends, par�cularly the ammonia desorp�on peaks under the steady 
state TPD profile, sensi�vity of each parameter within the cross-reference is therefore 
discovered. Highly sensi�ve variables which exhibit high gradients of reac�on are then 
designated for Taguchi orthogonal array tes�ng and algorithm filtering, but on the 
other hand the negligible trends are screened to be excluded from the following 
op�miza�on process. The degree of freedom for the op�miza�on process is hence 
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reduced and transformed into a high-fidelity calibra�on and valida�on procedure. The 
process of the sensi�vity test is shown in the following figures.  A_ ads1 represents the 
pre-exponen�al factor of site 1 adsorp�on, A_ ads2 represents the pre-exponen�al 
factor of site 2 Adsorp�on, A_ des1 represents the desorp�on rate of site 1, A_ des2 
represents the desorp�on rate of site 2, Stor_Cu 1 represents the storage capacity of 
site 1 and Stor_Cu 2 represents the storage capacity of site 2.  
 

 

Figure 3 The process of the sensi�vity test, 1st atempt 

  

 

 

Figure 4  The process of the sensi�vity test, 2nd atempt 
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Figure 5 The process of the sensi�vity test, 3rd atempt 

 

Figure 6 The process of the sensi�vity test, 4th atempt 

 

Figure 7 The process of the sensi�vity test, 5th atempt 
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Figure 8 The process of the sensi�vity test, 6th atempt 

 
 

2.3.2 Taguchi Method 

Taguchi method is u�lized for quality engineering to systema�cally conduct an effec�ve 
parameter es�ma�on. Unlike factorial designs that require an exponen�ally large 
matrix of simula�on test cases, the Taguchi method employs orthogonal arrays to 
strategically sample the parameter space and is capable of evalua�ng parameters 
through a con�nuous evalua�on of devia�ons and minimize the sensi�vity of the 
model to noise, which serves as an ideal method for non-linear occasions. The 
fundamental theory of Taguchi method is monitored by the Taguchi Quadra�c Quality 
Loss Func�on. A devia�on of the simulated engine a�ertreatment system (EATS) for 
the 1D-CFD chemical kine�c calibra�on contributes to a numerical loss in the Taguchi 
func�on, the rela�onship and comparison with the conven�onal method are shown in 
the following content. 
 

L(y)=k(y-m)² 
 

L(y) represents the loss of quality, y represents the output value, m represents the 
target value and k represents the coefficient of the quality loss. Hereby, k, the quality 
loss coefficient stands as the engineering tolerance is interpreted as 
 

𝑘𝑘 =
A
𝛿𝛿²

 

 
Where A indicates the prohibited lost cost when the system achieves the boundary, δ 
represents the distance between the target value and the Upper Specifica�on Limit 
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(USL) or the Lower Specifica�on Limit (LSL) therefore dictates the maximum possible 
allowance of the tolerance m± δ. Indeed, algorithm designed in the two-stage process 
for op�miza�on is not eligible for filtering the runs of the simula�on and would cause 
possible loss of fidelity. Therefore, difficul�es for convergence may occur during 
algorithm filtering. In order to proceed a smooth process for the later on algorithm 
when computa�onal economy is considered, the orthogonal array conducted by 
Taguchi method tackles the complex issue of prac�cing 4 independent kine�c variables 
with 3 discrete levels which equals to (3)^4=81 simula�ons to map the variables, the 
orthogonal array reduces the experiment atempt to merely 9 runs only. The method 
hereby eliminates the unpromising parameter regions and cul�vates a �ght boundary 
limit for the subsequent algorithmic op�miza�on process. 
 
The design of experiment (DoE) ensures equal distribu�on for the level of opera�on 
within every kine�c parameter and avoids the individual effects of the dominant 
variables. The op�miza�on method is supported by the principle of combinatorial 
orthogonality. Orthogonality here according to the matrix algebra ensures the absolute 
geometric balance fund by the following two tenets. 
 

 

Table 1 DoE (Design of Experiment) conducted by Taguchi method   
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Figure 9 Comparison of the Taguchi func�on and the conven�onal func�on 

 

              2.3.3 Column-wise Uniformity and Pairwise Orthogonality  

A level of balance appears as any level of the given column has the same probability of 
presence. For instance, a L9 array which involves 3 levels and 4 factors, the probability 
or the �me when the certain level appears, remains equal for every individual (4 
columns in this case). Moreover, when 2 of the factors are randomly compared, the 
possible combina�ons of the level also appear within equal amounts of chances. In 
short terms, the orthogonality ensures that every es�ma�on of an individual factor 
would not be skewed by another.     
 
 
According to the above men�oned, the orthogonality ensures that every es�ma�on of 
an individual factor would not be skewed by another. This is achieved by the balance 
of levels, equal pairwise coverage and independence of the factors. Orthogonality has 
the privilege of accomplishing a dras�c cost reduc�on, robustness and priori�zing the 
main effects. The orthogonal array is par�cularly advantageous due to its characteris�c 
of ensuring the ac�ve sites are distributed equally through the en�re tests. This 
consequently prevents the highly ac�ve variables from sta�s�cally domina�ng or 
concealing the secondary site kine�cs. However, an isola�on of interac�on may occur 
due to the complexity of interac�ons, thereby algorithm is combined to revise the 
possible bias or for a fine-tune model fidelity.   
 

              2.3.4 Mathema�cal formula�on of the SCR kine�cs 

The custom user coding interface is u�lized to capture non-linear adsorp�on and 
desorp�on by formula�ng the chemical kine�cs manually. The dual-site mechanism 
with site 1 represen�ng the strong site1 and site 2 represen�ng the weak site is defined 



                                                                                                                        1D A�ertreatment Simula�on and Model Calibra�on for Euro VII Engines 

    

 

22 
 

as the following reac�ons. Rf stands for the forward reac�on and Rb stands for the 
backwards reac�on.   
 
 

R1f: NH3 + S1            NH3 - S1…….(1) 
 R1b: NH3 - S1           NH3 + S1…….(2) 
R2f: NH3 + S2            NH3 - S2…….(3) 
 R2b: NH3 - S2           NH3 + S2…….(4) 

 
Where S1, S2 represents the vacant ac�ve sites and NH3 - S1, NH3 - S2 represents the 
ammonia occupied sites.  
 
Arrhenius kine�c rate constants  
Fundamentally, the temperature-dependent rate constant determines the rate of each 
elementary reac�on and is described by the Arrhenius equa�on. For instance, here the 
forward adsorp�on site 1 reac�on has the rate constant k1f expressed as 
 

k1f = A1f exp (−𝐸𝐸1𝑓𝑓
RT

) 

 
Where A1f represents the pre-exponen�al factor for R1f, E1f as the ac�va�on energy, 
R as the universal constant ( 8.314 J / (mol * K)) and T as the localised temperature by 
the absolute temperature unit. The above exponen�al structure could also be applied 
to evaluate kine�c rates on behalf of reac�on k2f.  
In addi�on to the above, the actual reac�on rate, taking once again the site 1 forward 
reac�on as an example, with the local concentra�on and proper�es of the washcoat 
can be expressed as    
 

Rate1f = k1f* ns1*ѳs1*c_NH3 
 
Where ns1 represents the total storage capacity or amount for site1 (mol/m³), ѳs1 as 
the vacant site coverage frac�on of Site 1 and c_NH3 as the localised ammonia 
concentra�on.  
 
In contrast to adsorp�on, the backward reac�on rate for desorp�on depends on the 
occupied site coverage  
 

Rate1b = k1b* ns1*ѳNH3-S1 
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and does not involve the gas-phase ammonia concentra�on c_NH3. 
 
Similarly, the above reac�on rate structure could also be applied to evaluate kine�c 
rates for reac�ons R2f and R2b.  
 
Ordinary Differen�al Equa�on (ODE) conserva�on, gradients and TPD Formula�on  
The coded reac�on rates R1f, R1b, R2f and R2b are integrated into 1D equa�ons to 
connect the microscopic chemical reac�ons rate with the macroscopic engine 
a�ertreatment systems (EATS), this is theore�cally supported by the following 1D 
transient species conserva�on equa�on. 
 

dc_NH3
dt

 + ᴠz dc_NH3
dz

 = −[(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1𝑓𝑓-𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1𝑏𝑏) + (𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2𝑓𝑓-𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2𝑏𝑏)] 
 

Where ᴠz represents the localised exhaust gas velocity in m/s along axis-z and c_NH3 
as the concentra�on gradient of ammonia. For temperature programmed desorp�on 
(TPD), the above differen�al equa�on results in a desorp�on peak rather than a 
con�nuous drop of ammonia concentra�on along the z direc�on across both two sites. 
The custom coded model integrates the ODE matrix across the finite grid and extracts 
high-fidelity conversion data. However, as TPD is inherently a transient process, the 
local temperature is defined as a linear func�on of �me to capture the �me-dependent 
behaviour.  

T(t) = T0 + ß t 
 

Where T0 is the ini�al adsorp�on temperature and ß as the hea�ng rate, subs�tu�ng 
the �me-dependent profile T(t) into the Arrhenius equa�on yields a transient reac�on 
as the following 

 

k 𝑖𝑖 f(t) = A 𝑖𝑖 f exp (- E 𝑖𝑖 f
R (T0+ß t)

 ) 

k 𝑖𝑖 b(t) = A 𝑖𝑖 b exp (- E 𝑖𝑖 b
R (T0+ß t)

 ) 

 
kb hereby grows exponen�ally as temperature increases over �me and accelerates the 
thermal desorp�on, producing the ammonia desorp�on peaks observed through the 
TPD test.  

2.3.5 Implementa�on of the control logic and the stabilizers within the user coding 
interface (UCI)  

ODE nonetheless establishes the theore�cal chemical background of the chemical 
kine�cs integra�on to the model, however, to avoid possible divergence and to ensure 



                                                                                                                        1D A�ertreatment Simula�on and Model Calibra�on for Euro VII Engines 

    

 

24 
 

a robust design for the AVL Cruise M environment, control logic is implemented to the 
mass flow boundary of the simulated engine a�ertreatment system (EATS).  
 

2.3.6 Smooth boundary transi�on with step func�on    

In typical TPD procedures, opera�onal boundaries are normally controlled by look-up 
tables and standardized se�ngs in the AVL Cruise M opera�onal environment. 
Although the �me-saving method may bring a reduc�on of �me for an individual 
simula�on to proceed, the data quality of the result may face difficul�es maintaining a 
smooth and precise outcome or infinite gradient would temper the instability of the 
model. In other words, step func�on not only has the advantage of forcing the system 
to filter the numerical noise by interpola�ng a temporal delay (here as a delay �me of 
δ =1 second) with a easily-accessible control logic but also an advanced pla�orm for 
future development on more complex designs when various delay �me is required or 
poten�al combina�on of algorithms or other op�miza�on methods to prevent the loss 
of fidelity. The output of the step variable is defined by u�lizing the following 
formula�on.     

Out_step(t) = �
𝑣𝑣0                                      
𝑣𝑣0 + (𝑣𝑣1 − 𝑣𝑣0) × 𝑡𝑡−𝑡𝑡0

∆𝑡𝑡
   

𝑣𝑣1                                       
             

𝑖𝑖𝑖𝑖   𝑡𝑡 < 𝑡𝑡0
𝑖𝑖𝑖𝑖              𝑡𝑡0 ≤ 𝑡𝑡 ≤ 𝑡𝑡0 + ∆𝑡𝑡
𝑖𝑖𝑖𝑖    𝑡𝑡 ≥ 𝑡𝑡0 + ∆𝑡𝑡

 

 
Non-physical suppression with condi�onal sign formula�on 
Nega�ve values could appear in the numerical conversion under aggressive transient 
itera�ons for surface coverage frac�ons or localized concentra�on, causing irreversible 
or invalid algorithmic divergence and failure when conducted by exponen�al Arrhenius 
equa�ons. For the preven�on of failure, a set of sign limiters is directly implemented 
through the coded formula�on, the logic is shown in the following content.  
 

Sign F = �−1.0,    𝑖𝑖𝑖𝑖  𝐶𝐶_𝑁𝑁𝑁𝑁3 < 0 (1−𝜃𝜃<0)  < 0
1.0,                               𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

 

 
Therefore, the intrinsic reac�on rate is finally corrected into the following equa�on. 
 

Rate= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 exp �−𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅

� × 𝐶𝐶_𝑁𝑁𝑁𝑁3 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 × (1 − 𝜃𝜃) 

 
This ensures that the reac�on kine�cs suppresses any poten�al mathema�cal 
oscilla�ons and maintains a high-fidelity con�nuum for the 1D environment.  
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2.4 Algorithmic convergence strategy 

Although, Taguchi method has the advantage to contribute to a robust design for the 
simula�on model, the level-based principle, orthogonal array, limits the resolu�on of 
the calibra�on. To accomplish the convergence of a 1D-CFD model with experimentally 
determined targets, the non-linear algorithm, Levenberg-Marquardt, here in MATLAB 
as lsqcurvefit to tackle least-squares curve fi�ng problems, is served as the solver for 
the parameter es�ma�on.   

2.4.1 LSQCURVEFIT 

The objec�ve for the algorithm is to minimize the sum of squared residuals between 
the experimental target value and the simulated species across a certain amount of 
�me or special nodes, it is expressed as the following formula.  

 

S (ß) = ∑ [𝑦𝑦𝑖𝑖 − 𝑓𝑓(𝑥𝑥𝑖𝑖 , ß)𝑛𝑛
𝑖𝑖=1 ]² = 𝑟𝑟𝑇𝑇𝑟𝑟 

 

where ß serves as the kine�c parameters to be op�mized such as the pre-exponen�al 
factor and desorp�on rate,  𝑦𝑦𝑖𝑖 as the experimental target, 𝑓𝑓(𝑥𝑥𝑖𝑖 , ß) as the output from 
the SCR simula�on model and 𝑟𝑟 as the residual vector.  

 

2.4.2 Levenberg-Marquardt mechanism  

The LM algorithm takes the responsibility of upda�ng the parameter vector by 
evalua�ng the par�al deriva�ves of the simula�on output, forming the Jacobian Matrix 
(J). Two op�miza�on strategies are involved to govern the non-linear parameters from 
the ODEs and Arrhenius equa�ons, the steepest descent method and the Gauss-
Newton method, to determine the magnitude and direc�on. The formula�on is shown 
in the following content.    

 

[𝐽𝐽𝑇𝑇WJ +  λdiag(𝐽𝐽𝑇𝑇WJ)]∆ ß = 𝐽𝐽𝑇𝑇𝑊𝑊𝑊𝑊 

 

Where ß serves as the magnitude for the next itera�on, J as the Jacobian matrix consist 

of the first-order par�al deriva�ves (𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

), T as the transpose factor, W as the localized 

weigh�ng matrix for highligh�ng the cri�cal features and λas the cri�cal damping 
factor.  

 



                                                                                                                        1D A�ertreatment Simula�on and Model Calibra�on for Euro VII Engines 

    

 

26 
 

2.4.3 Algorithmic convergence strategy 

The damping factor λdetermines the cri�cal modula�on for the LM algorithm. λ 

would react according to the residual error, whether low or high, steepest descent 
method or Gauss-Newton method will be implemented. Gauss-Newton method takes 
the responsibility of maintaining localized convergence when the residuals decrease 
and the solver achieves the local minimum, oppositely, steepest descent method leads 
the role when the residuals are excep�onally high, then convergence is accomplished 
without overshoo�ng. The custom 1D-CFD model achieves high fidelity by coupling the 
Taguchi method and the Levenberg-Marquardt (LM) algorithm, consequently allowing 
the real exhaust data to be consulted for Traton (VW Group)’s VTAB (Virtual Truck and 
Bus) pla�orm.  

3. Simula�on Procedures 

3.1 The numerical Discre�za�on method  

The grid configura�on in the 1D-CFD environment is considered purely axial, in other 
words, the physical catalyst is discre�zed to a group of uniform volumes to 
simultaneously eliminate the errors and maintain the efficiency by Grid Independence 
Analysis, also known as the mesh convergence study. With negligible varia�ons in the 
ammonia slip and conversion profiles, strict numerical stability is established to 
support the calibra�on matrices and all subsequent simula�ons.   
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Figure 10 The workflow of the 1D-CFD modelling and op�miza�on methodology 

 

3.2 Experimental protocols and results  

The experimental data from SCAT is conducted in Traton Germany. For Ammonia 
Temperature Programmed Desorp�on (TPD), the experiment is designed for the 
various programs consis�ng of different star�ng temperatures, concentra�on, space 
velocity (SV) and a stable temperature ramp, target temperature and delay �me. 
Ammonia TPD consists of sequen�al stages of pretreatment, adsorp�on, purge and 
desorp�on. Pretreatment includes a preheated process under a carrier gas flow to 
clean the ac�ve sites and cul�vate thermal stability. The reactor is later brought to the 
target adsorp�on temperature with a delay �me un�l ammonia reaches its steady state 
breakthrough. Ammonia dosing is stopped but maintaining the carrier gas flow to 
purge weakly bounded ammonia from the pipeline. Desorp�on will then be prac�ced 
through the temperate ramping process and held for 15 minutes, genera�ng 
desorp�on peaks measured by the analysers. The designed protocol is shown in the 
following table as an example of 1500PPM ammonia and a star�ng temperature of 200 
⁰C.  
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Start Temperature (⁰C) 200 200 200 550 
Target temperature (⁰C) 200 200 550 550 

Temperature Ramp (K/min)   10  
Concentra�on H2O (ppm) 50000    
Concentra�on NH3 (ppm) 1500    

Aging [ no(0), yes(1) ] 0 0 0 0 
MFC Adjustment [ no(0), yes(1) ] 0 0 0 0 

Delay Time (min) 25 40  15 
 

Table 2 Test protocol from Traton Germany from 200⁰C at 1500ppm 

 

Start 
Temperature 
(⁰C) 

200 250 300 350 400 450 500 

Target 
temperature 
(⁰C) 

550 550 550 550 550 550 550 

 

Table 3 Test protocol for various temperature programs 

 

Space Velocity (1/h) 500 ppm NH3 1000 ppm NH3 1500 ppm NH3 
80,000 Tested Tested Tested 

200,000 NA Tested NA 
280,000 NA Tested NA 

 

Table 4 Boundary condi�ons within SV and concentra�on for TPD test 

 

3.3 Boundary condi�ons and integra�on interface  

Strict boundary condi�ons are established in the catalyst model to systema�cally 
replicate the experimental environment within the 1D-CFD simula�on model. The 
integra�on of the mass flow boundary and system boundary interface is employed to 
accomplish the goal. Ammonia (NH3) is hereby injected into the system with various 
mass flow rate to match the space velocity (SV) which is eligible to mimic the exact 
SCAT tes�ng environment with a constant pressure boundary condi�on of 1bar across 
the channels. The fundamental boundary condi�ons are shown in the following table.  
 

 



                                                                                                                        1D A�ertreatment Simula�on and Model Calibra�on for Euro VII Engines 

    

 

29 
 

Inlet Boundary Mass Flow Rate  1.256 kg/h, 3.14 kg/h, 
4.396kg/h 

 Temperature Profile Ramp (Input) 
 Carrier Gas (Balance) N2 

Outlet Boundary Downstream Pressure 1.0 bar (Atmospheric) 
 Thermal Boundary Adiaba�c / Mean heat source 

 

Table 5 Fluid and thermodynamic boundary condi�ons of the 1D-CFD model 

 
The rela�onship between the mass flow boundaries, catalyst (SCR) and system 
boundary is managed by the data bus connec�ons by step func�on with automa�c 
control and the user coding interface (UCI) dicta�ng the chemical condi�ons in the 
underlying kine�cs. Condi�ons such as the gas concentra�on or the solid-phase 
temperature are evaluated by each finite grid fed into Arrhenius equa�ons each �me 
step controlled by the step func�ons.    
 

4. Results and Discussions 

4.1 Establishment of the experimental baseline  

The temperature programmed desorp�on (TPD) SCAT experiment was conducted in 
Traton Germany (MAN Truck & Bus). The SCAT experiment was conducted under 
various space veloci�es and concentra�on. The designed temperature programs 
men�oned above (As shown in table 2) are implemented for the SCAT test, from the 
ini�al temperature of 200 ⁰C, 250⁰C, 300⁰C, 350⁰C, 400⁰C, 450⁰C, 500⁰C to a final 
temperature of 550⁰C, with a stable ramp included in the program, recorded in the unit 
of mg per litre monolith.  

 

4.2 Parameter screening and op�miza�on via sensi�vity analysis and the Taguchi method  

Before implemen�ng the Taguchi method for the screening and op�miza�on process, 
a sensi�vity test conducted to qualita�vely evaluate the trend and influence on every 
individual factor for the simulated TPD test is prac�ced one at a �me. Baseline 
parameter values were ini�alised from preliminary manual calibra�on and literature 
defaults. Several results have been revealed according to the stability of the desorp�on 
curve (As shown in Figure 3-8) to determine the stability boundaries. While all 
Arrhenius parameters ( Af, Ab, Eaf, Eab ) govern kine�c behaviour, adsorp�on ac�va�on 
energy is in accordance to the literature given values, focusing on tuning pre-
exponen�al factors. Storage capacity according to the theory dictates the limit of the 
maximum of what the catalyst can store and thereby determines the cri�cal value 
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among the parameters for further op�miza�on in algorithm development. The pre-
exponen�al factor for desorp�on is strictly required to be adjusted as it controls the 
balance of the kine�cs and prematurely influences the ini�al surface coverage.  As 
defined, site 2, the weak adsorp�on site, which is responsible for the reac�on under 
low temperatures, determines the star�ng coordinates of the desorp�on curve. Strong 
adsorp�on by site1 would severely inhibit the response of a dis�nct desorp�on peak. 
As the result, the imbalance between the desorp�on rates of the two sites would 
induce non-linear oscilla�ons, a close match between the kine�c parameters among 
two sites is required for accomplishing an advanced performance on the calibra�on 
process.  

 

According to the observa�on from the qualita�ve sensi�vity test, the L9 orthogonal 
array prac�ced by the tachi method is executed to isolate the cri�cal parameter for the 
ammonia desorp�on profile. The slope, or the gradient, is propor�onal to the 
magnitude of the influence. Therefore, a more intense gradient leads to a more 
decisive impact on the func�on, with the results shown in the following figure.  

 

Figure 11 Results of cri�cal parameter analysis from DoE, the Taguchi Method 

Where the y-axis represents the Signal-to-Nosie Ra�o (db). A_des2, the desorp�on rate 
of site 2, exhibits an excep�onal gradient from level1 to level three. In other words, this 
confirms that the low temperature desorp�on rate turns out to be the most cri�cal 
parameter in the system, with a decisive impact on the overall accuracy and controls 
the desorp�on peak fundamentally. In contrast, Stor_Cu1, the storage capacity of the 
strong site, site1, demonstrates a completely opposite trend. The nega�ve slope 
indicates that although the parameter does not have strong effect on the kine�cs but 
is s�ll necessary to prevent failure for macrolevel baselines. Stor_Cu2, the storage 
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capacity of site 2, and A_des1, the desorp�on rate of site 1, remains horizontally across 
the levels, indicates that the model is robust to the varia�ons of these parameters.  

 

The op�miza�on domain is narrowed down by DoE, the Taguchi method, and the 
desorp�on rate of site 2 should be priori�zed in further op�miza�on in the algorithm 
analysis due to its dominant effect on the simula�on output. The convergence stability 
and the itera�on efficiency can therefore be enhanced by the Levenberg-Marquardt 
(LSQCURVEFIT) algorithm, fixing the insensi�ve parameters and focusing on the highly 
sensi�ve variables. The parameter boundaries for Levenberg-Marquardt were mapped 
from the Taguchi orthogonal array. Highly sensi�ve parameters were centred around 
the Taguchi level 3 to allow fine gradient refinement. In contrast, less sensi�ve 
parameters were constrained around baseline levels to prevent algorithmic divergence.  

 

4.3 Non-linear Algorithmic Tuning 

Established in the former chapter, the Levenberg-Marquardt (LM) algorithm is 
prac�ced by the LSQCURVEFIT func�on in MATLAB. As the Taguchi method has 
iden�fied the poten�al dominant parameters, the LM algorithm is executed to bridge 
the gap and achieve the non-linear convergence of the simula�on. Combina�ons of the 
parameters are fed to the LM algorithm as the ini�al guess factor ß. Insensi�ve factors 
such as the storage capacity of site 2 or the desorp�on rate for site 1 prevents the 
calcula�on of redundant par�al deriva�ves from happening in the Jacobian matrix and 
accelerate the itera�ve speed of the ODE solver.  The algorithm was thereby forced to 
stay in the highly accurate region of the levels from the design of experiments method.  

 

4.4 Model valida�on and capability  

The interest of the valida�on and calibra�on process is focused on the area under the 
adsorp�on/desorp�on curve from 3900s to 6500s among various temperature 
programs which is shown in the following figure.  
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Figure 12 NH3 concentra�on and �me comparison zoom-in at 3900s – 6500 s 

The calibrated 1D-CFD model is u�lized to ini�ate the valida�on against the SCAT 
experimental results. To ensure the fidelity of the model, both mean absolute error 
(MAE) and root mean square error are employed to evaluate the devia�ons, with MAE 
controlling the baseline of the overall evalua�on and RMSE punishing the large 
localized devia�ons.  

Mean absolute error (MAE) 

MAE = 1
𝑚𝑚
∑ �𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(𝑖𝑖) − 𝑦𝑦�𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
(𝑖𝑖) �𝑚𝑚

𝑖𝑖=1  

 

Root mean square error (RMSE) 

RMSE = �1
𝑚𝑚
∑ (𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(𝑖𝑖) − 𝑦𝑦�𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
(𝑖𝑖) )𝑚𝑚

𝑖𝑖=1
2
 

Where m represents the total number of data points, 𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
(𝑖𝑖)   capture the measured 

ammonia concentra�on from the SCAT test and  𝑦𝑦�𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
(𝑖𝑖)  as the predicted value from the 

1D-CFD model.   

 

The comparison of the 1D simula�on model storage capacity and the SCAT 
experimental data points across the temperature spectrum are shown in the following 
figures.  
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Figure 13 Error comparison, 80,000 1/h-1500ppm NH3 

 

Figure 14 Error comparison, 80,000 1/h-1000ppm NH3 
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Figure 15 Error comparison, 80,000 1/h-500ppm NH3 

 

Figure 16 Error comparison, 200,000 1/h-1000ppm NH3 
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Figure 17 Error comparison, 280,000 1/h-1000ppm NH3 

 

The model accomplishes a highly robust accuracy. Under the baseline condi�on 
(80,000 1/h-1500ppm NH3), which is the program used to calibrate the model, has an 
outstanding RMSE of just 2.8% and an MAE of only 1.9%. The model s�ll survives and 
performs high quality when it comes to severe condi�ons such as the 280,000 1/h-
1000ppm NH3 program. These results demonstrate that the model maintains good 
predic�ve capability across the inves�gated opera�ng condi�ons. In addi�on to the 
model’s robust design, the capability to depict the TPD behaviour also comes to an 
important discussion to consider in the simula�on. The results are shown in the 
following figures.  
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Figure 18 Ammonia Concentra�on to Temperature Program 80,000 1/h-1500PPM NH3 

 

Figure 19 Ammonia Concentra�on to Temperature Program 80,000 1/h-1000PPM NH3 
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Figure 20 Ammonia Concentra�on to Temperature Program 80,000 1/h- 500 PPM NH3 

 

 

Figure 21 Ammonia Concentra�on to Temperature Program 200,000 1/h-1000PPM NH3 
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Figure 22 Ammonia Concentra�on to Temperature Program 280,000 1/h- 1000PPM NH3 

According to the above figures, the calibrated digital twin replicates the characteris�c 
of a double peak in adsorp�on profiles. The model predicts the atenua�on of the peak 
amplitudes when various temperature programs occur in the adsorp�on profiles, from 
the star�ng temperatures of 200 ⁰C to 500⁰C. Hence, the parameters including the pre-
exponen�al factor for adsorp�on, desorp�on rate, storage capacity for both sites has 
now confirmed that the model perfectly mirrors the thermodynamic reali�es of the 
Cu-based catalyst.  

 

5. Conclusions  

The kine�cs of Cu-based catalyst were successfully decoupled and calibrated by 
integra�ng the temperature programmed desorp�on (TPD) experiment together with 
mul�ple op�miza�on methods such as the sensi�vity test, DoE-Taguchi method as the 
screening method and algorithm-Levenberg-Marquardt (LM) as the numerical method. 
A 1D dual-site NH₃ adsorp�on/desorp�on model for a Cu-based SCR catalyst was 
established and calibrated. Unlike tradi�onal and conven�onal transient methods, the 
experiment was designed for various star�ng points in the TPD protocols from 200⁰C 
to 500⁰C. This allowed the ac�va�on energies toward the weak site and strong site set 
as the founda�on for further kine�cs modelling. The L9 orthogonal array which was 
conducted by the Taguchi method has successfully screened the sensi�vity of the 
individual parameters. This has proved that Ades2, the desorp�on rate of site 2 was the 
cri�cal factor which governs the ini�a�on of the desorp�on peak. Oppositely, the 
storage capacity of site 2 on the other hand exhibited its less-influenced sensi�vity 
compared with other parameters, and this has undoubtedly narrowed down the 
computa�on process among op�miza�ons. 
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By the coopera�on of Taguchi array and non-linear LM algorithm, the model has 
confirmed its convergence. The strategy has avoided its poten�al of being trapped in 
local minima, resul�ng a highly robust vector of ß which mirrors the reality of the 
kine�c design. Final calibra�on was carried out with the baseline condi�on of 80,000 
1/h-1500ppm NH3 with a mean absolute error (MAE) of merely 1.9% and root mean 
square error (RMSE) of 2.8%. The model even accomplished an error of MAE 4.5% and 
RMSE of 6.9% only when performing in a severe condi�on such as the 280,000 1/h-
1000ppm NH3 environment.  This confirms the model’s capability to predict and easily 
surpassing conven�onal engineering acceptance, simultaneously demonstra�ng its 
poten�al for further integra�on into Euro VII a�ertreatment system development.  
 
While the 1D kine�c model elaborates its high fidelity on simula�ng high accurate SCAT 
environments, certain limita�ons remain. The current model addresses primarily on 
desorp�on and storage capacity kine�cs. The expansion to complete a well-structured 
global kine�c model for copper-based catalyst including fast, slow and standard SCR as 
well as side reac�ons should be considered in future work. Furthermore, the 
development for future work could be implemen�ng a data-driven predic�ve 
algorithm, capable of con�nuously op�mizing kine�c biases. As a result, the algorithm 
could significantly reduce the development cost for keeping huge reliance on physical 
SCAT itera�ons by dynamically and precisely predic�ng the dosing quan��es required 
under various transient condi�ons. However, the successful approaches for advanced 
algorithm and op�miza�on method would require a massive and comprehensive 
experimental data from physical test benches (SCAT) to ensure a robust design for 
future model training and valida�on.  
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