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Abstract

Selective Catalytic Reduction (SCR) has proven to be the frontrunner for the removal of nitro-
gen oxides (NOX) from exhaust gas. EURO VI emission regulations present a challenge from the
control point of view, so as to achieve high NOX conversion while keeping the ammonia slip under
control. This thesis focuses on a model based feedforward control system to dose the urea. The SCR
is modeled as a series of CSTR (continuously stirred tank reactor) with the main SCR chemical
kinetics. The main reactions are ammonia adsorption, desorption, fast SCR, slow SCR, standard
SCR and ammonia oxidation. The model is simplified so as to capture the important dynamics
and be fast at the same time. A fast and computationally less demanding model is required from
a control aspect if it has to be implemented online.

Two control strategies were evaluated. The first control strategy maintains a constant ammonia
slip whereas the second controller maintains a constant NOX to ammonia ratio at the outlet of the
SCR.

The catalyst used is an extruded vanadia based catalyst. The control strategy was tested on
the engine bench with a 11.4L catalyst and an inline 6 cylinder 12.8L engine. The performance of
the controller was very good compared to a flat urea dosing. The control strategy achieves a higher
NOX conversion, less ammonia slip and uses less urea for injection.
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Nomenclature

A Area [m2]

Ai Experimentally determined constants for temperature dependent specific heat capacity of
exhaust gas

ANR Ammonia to NOX ratio

BSFC Brake specific fuel consumption [g/kWh]

Ci Gas phase concentration of species i [mol/m3]

Cp Specific heat capacity at constant pressure [J/kg K]

Cs NH3 adsorption capacity [mol/m3]

D Diameter [m]

DDR Double data rate

Ea Activation energy [kJ/mol]

ELR European load response cycle

ESC European steady cycle

ESC R-49 Urban driving cycle

ETC European transient cycle

Fv View factor

h Heat transfer coefficient [W/Km2]

J Optimization criteria or cost function

k Pre-exponential factor [s−1]

Lv Latent heat of vaporization [J/kg]

LHVDiesel Lower heating value of diesel=42.5 [MJ/kWh]

Mi Experimentally determined constants for temperature dependent specific heat capacity of
the catalyst substrate

m mass [kg]

ṁ Mass flow rate [kg/s]
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RAM Random access memory
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V Volume [m3]

WHTC World harmonized transient cycle

α Constant for surface coverage dependence of activation energy

γ Fraction of urea in AdBlue

ε Void fraction expressed as a ratio of open volume of the convertor /total volume of the
convertor

εrad Emissivity

η Engine efficiency

θ Fraction of ammonia adsorbed on the catalyst surface [-]

θ̇ Rate of change of fractional surface coverage

σSB Stephen-Boltzmann constant [W/m2 K4]
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1
Background

This section will briefly explain how NOX is formed during combustion, why NOX emissions must
be reduced and the harmful effects associated with NOX emissions.

The three primary sources of NOX in combustion processes are:

� Thermal NOX

� Fuel NOX

� Prompt NOX

During the combustion process in an internal combustion engine, most of the NOX formed is ther-
mal NOX[1]. The formation of thermal NOX is explained by Zeldovich mechanism. During very
high temperatures the rate of formation NO is higher. If given sufficient time the equilibrium
concentration is reached. But in an IC engine during the expansion stroke the temperature drops
drastically hence large amount NOX formed during the high temperatures does not reach the equi-
librium state. Such a state is referred to as a frozen state.

Fuel NOX is formed when nitrogenous compounds in the fuel react with oxygen. Gasoline and
other distillates have no nitrogen bound compounds in the fuel, hence NOX formed due to this
process can be neglected [1].

Prompt NOX is formed when the hydrocarbons in the fuel react with nitrogen to form interme-
diates such as HCN and H2CN during the early stages of combustion. These later oxidise to NO.
Once again the contribution of prompt NOX to NOX emissions is minimal [2]. Essentially most of
the NOX formed during combustion process is due to thermal NOX [1].

Why is NOX harmful?

� Health hazard: NO is poisonous and an irritant. It can cause headache and nausea. Long
exposures can cause suffocation and cyanosis. NO2 is toxic and an irritant. It can cause
pulmonary edema [3].

� Environmental effects: NOX in the presence of sunlight and organic compounds reacts to
form ozone. Ozone in the troposphere is called ground level ozone. NOX can combine with
water to form nitric acid which causes acid rain [4].

Due to the above mentioned effects on humans and environment NOX emissions has to be
reduced.
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2
Introduction

Selective Catalytic Reduction (SCR) is used to reduce the oxides of nitrogen which are NO and
NO2 to N2 and H2O. The use of this system to reduce NOX emissions has been in place since a
long time. It was patented in the United States by the Engelhard Corporation in 1957 [5].

SCR technology was implemented on a commercial vehicle to meet the EURO IV regulation [6].
Since then the use of SCR in automotive applications has been increasing. There are other tech-
nologies such as EGR (Exhuast Gas Recirculation) and LNT (Lean NOX trap) which are used to
reduce the NOX emissions. EGR reduces the NOX emissions by diverting a part of the exhaust back
into the cylinder. As this recirculated combusted gas is inert it lowers the adiabatic flame tempera-
ture in the cylinder. Lowering the adiabatic flame temperature reduces the amount of NOX formed.

LNTs work by adsorbing the NO and NO2 molecules on the surface. Once the catalyst is full
it must be regenerated. This is typically done by injecting fuel and burning it. The hydrocarbons
in the fuel reduce the NO and NO2 to N2 and H2O.

Both the LNT and EGR systems impose a penalty on the fuel consumption. The use of addi-
tional fuel in the LNT system is seen clearly by the use of diesel to reduce the NOX. In the EGR
system, lowering the adiabatic flame temperature lowers the efficiency which leads to increased fuel
consumption.

The SCR system is popular because the engine can be tuned to operate at a very high efficiency
which implies higher flame temperatures without compromising the NOX conversion. There are
combinations of EGR+SCR, pure SCR and pure EGR which have been used in the past. For
EURO VI and above emission regulations SCR+EGR and SCR only solution are viable options to
reduce NOX without compromising on the engine efficiency. FPT were the first to introduce an
SCR only solution [7]. Since then a number of other manufactures like Scania have opted for the
SCR only option [8]. A more detailed comparison of SCR, SCR+EGR and EGR only solution to
meet Euro VI emission regulations was conducted by TNO [9].

The EURO VI emission regulations came into effect form the Jan 1st 2014 for heavy duty vehi-
cles. The regulation places a stringent limit on tail pipe NOX emissions. The EURO VI regulations
require the tail pipe NOX to be under 0.4 g/kWh, PM(Particulate matter) 0.01 g/kWh while the
average ammonia slip must be below 10 ppm with a 50 ppm peak slip limit [10]. The US 2010
regulations place a more stringent limit on the NOX emissions. It requires the NOX emissions to
be under 0.26 g/kWh. Moreover the emissions from the cold and hot cycle are weighed and then
the total emission is calculated. At present the weight for the cold cycle is 0.1 and for the hot
cycle is 0.9. These limits necessitates for a good control strategy to achieve high NOX conversion
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2.1. COMPARISON OF SCR, EGR AND LNT CHAPTER 2. INTRODUCTION

and limit the ammonia slip. Anhydrous ammonia is very toxic, highly irritating gas with sharp,
suffocating odor. The pungent odor becomes noticeable from about 5-10 ppm hence the regulation
to control the ammonia slip [11]. Controlling the ammonia slip will require clever control strategies
and traditional method of dosing at flat ANR (Ammonia to NOX ratio) cannot be used anymore.
The SCR has side reactions which involve formation of N2O and other species. Future emission
regulations might place a limit on these emissions as well.

The reducant is dosed in the form of an aqueous urea solution, called as AdBlue in Europe
and DEF (Diesel exhaust fluid) in North America. AdBlue is an aqueous urea solution containing
32.5% pure urea and 67.5% deionized water [12]. This is a eutectic solution which means that this
composition has the lowest freezing point compared to any other composition. This lowers the
freezing point of urea which is helpful in cold driving conditions. Anhydrous ammonia is not used
for automotive applications as it is highly toxic which makes handling and storage onboard tricky.
Typically the urea solution is dosed upstream of the SCR where it mixes with the hot exhaust gas
and undergoes thermolysis and hydrolysis to form ammonia. This ammonia adsorbs on the catalyst
surface and reacts with the nitrogen oxides to form nitrogen and water.

2.1 Comparison of SCR, EGR and LNT

This section will give introduction into the various technologies that are currently available for the
reduction of NOX emissions. The technologies in place are namely SCR, EGR and LNT. SCR so
far has been used only for heavy duty applications. With new regulations SCR will be implemented
on light duty vehicles. LNT so far has been applicable only for light duty vehicles.

2.1.1 SCR

SCR stands for selective catalytic reduction. SCR catalysts remove nitrogen oxides (NOX) using a
reducing agent ammonia (NH3). A SCR catalyst is used to speed up the reactions and to provide
a surface on which the reactions take place. As mentioned earlier the reducing agent is carried on
board the vehicle as an aqueous solution containing 32.5% urea. This solution is called AdBlue
and is used as the storage and transportation is easier, moreover it is dangerous to carry anhydrous
ammonia onboard.

The dosing system consists of the tank to store the AdBlue, pump, and an injector. In addition
ot these there can be a dosing control module if the system is not controlled by the ECU. Currently
there are two technologies available for dosing: Air assisted systems and airless systems. In the air
assisted system compressed air is used to get a fine spray of reducing agent through the injector,
whereas in the airless system the reducing agent itself is compressed. The urea injected is converted
to ammonia through the process of thermolysis and hydrolysis.

The standard SCR layout for a heavy duty vehicle looks as shown in the figure 2.1. In addition
to the SCR there can be an ASC (Ammonia Slip Catalyst) downstream of the SCR. The function
of the ASC is to oxidise the ammonia slip from the SCR.

The SCR is most efficient between a temperature range of 200 and 400 ◦C. At lower tempera-
tures the SCR kinetics is slow which limits the NOX conversion and in addition at lower temper-
atures it is difficult to decompose the AdBlue solution. At temperatures greater than 400 degrees
ammonia oxidation kinetics become more important a larger part of the ammonia gets converted
to N2 and NOX which is detrimental to NOX conversion as there is no ammonia to reduce the NOX.

It was possible to achieve NOX conversion of upto 90% by using EGR (Exhaust Gas Recir-
culation) and some optimization of the engine. The use of SCR became dominating with the

3
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Figure 2.1: SCR layout in a heavy duty vehicle. Consists of the DOC(Diesel Oxidation Catalyst),
DPF(Diesel particulate filter), Urea injector, SCR [13]

implementation of EURO VI emission regulations. The emission regulation trend curve can be
seen in Figure 2.2.

Figure 2.2: Legislative limits and trade off of raw emissions for heavy duty diesel engines : Particulate
matter vs NOX [14]

.

As seen from the figure 2.2 EURO VI regulations places a tough limit on both the PM and NOX

emissions. The grey region takes into effect of deterioration system performance such as catalyst
ageing. Therefore when the system is designed the lower curve of the grey region is the bench mark
and with time due to ageing and other factors it would be the upper curve of the grey region. This
figure also shows the typical ’Diesel Dilemma’ which is the trade-off between NOX and particulates.
A higher PM would mean lower NOX and vice versa. The EGR solution increases the PM while
reducing the NOX, the capability of this system is at the limit if the efficiency of the engine is also
to be considered. The advantages of using the SCR solution are clear.
The advantages are : 1. Higher specific power output 2. Improved engine life and efficiency 3.
Increased reliability 4. Lower cost of operation [15].

The increase in fuel efficiency, without considering the usage of AdBlue can be anywhere be-
tween 4-5% [16] when compared to EGR+SCR solution. The fuel efficiency is higher because the
engine can be optimized to operate at a high efficiency point. This high efficiency point corresponds
to higher combustion temperatures which lead to higher NOX formation. The NOX is treated sep-
arately using the aftertreatment system which in this case is the SCR. Secondly the frequency of
regeneration of particulate filter is lower now as the PM is reduced due to a more efficient combus-
tion process. This inturn saves more fuel but of course the cost of AdBlue usage must be considered
for calculating the operating costs. With an SCR only system the AdBlue usage increases.
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2.1.2 EGR

EGR stands for exhaust gas recirculation. In this process a portion of the exhaust gas is diverted
back to the intake where it is mixed with the fresh intake air and fed into the cylinder for combus-
tion. The process by which the EGR has an influence on reducing the NOX is by two ways: 1. Due
to the presence of the inert recirculated exhaust gas in the intake air, the specific heat capacity
of the mixture is higher. This lowers the adiabatic flame temperature which leads to lower NOX

formation during the combustion process. 2. The oxygen content per unit volume of intake air is
lowered hence the NOX formation is reduced.

An EGR system employed in a diesel engine can be mainly of two types: 1. LP (Low Pressure)
EGR 2. HP (High Pressure) EGR . The schematics of these two systems is depicted in the figure
2.3 [17]. In the LP EGR system the exhaust gas from the downstream of the turbine is connected
to the to the upstream of the turbocharger. In the HP EGR system the exhaust gas from the
upstream of the turbine is connected to the downstream of the compressor. A HP EGR system
helps to increase efficiency by reducing the pumping work.

Figure 2.3: Low pressure and high pressure EGR schematics. [17]

Though EGR helps to reduce NOX it has some disadvantages. One of the main drawbacks of
using EGR is increase in the PM (Particulate Matter) emissions this indirectly affects the efficiency
as the most of the PM is unburnt HC and soot. This is the main reason why EGR only solution
is not capable of meeting the future emission regulations. The second drawback is that the DPF
(Diesel particulate filter) needs to be regenerated more often. This is due to increased soot produc-
tion which adds to the fuel penalty as the regeneration is performed by injecting fuel and burning
off the soot. Thirdly the life of the engine comes down due to the presence of particulates which
increases the wear and blowby. Increased blowby leads to contamination of the engine oil.

2.1.3 LNT

LNT stands for lean NOX trap. As the name suggests it traps the oxides of nitrogen. The LNT
consists of three active components: 1. Oxidation catalyst - platinum 2. Adsorbent - barium 3.
Reduction catalyst - rhodium [18]. During lean operation NO from the engine and the oxygen in
the exhaust react on the surface in the presence of Pt catalyst to form NO2. The NO2 formed is
adsorbed by the storage material in the form of barium nitrate. When the adsorbent is saturated
with NO2 the system must be regenerated. The regeneration is done by switching to rich operating
conditions. The oxides of nitrogen are reduced to N2 over the reduction catalyst. Like the EGR,
LNT imposes a fuel penalty as the LNT needs to be regenerated.

The process is shown in a schematic form in figure 2.4.
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Figure 2.4: Adsorption and reduction process in an LNT. [18]

2.2 Scope of the master thesis

As a part of this thesis, a control strategy is developed in order to achieve high NOX conversion
levels while restricting the ammonia slip at the outlet of the SCR. The main goal is to develop a
model-based feedforward control strategy which shows good performance for different test cycles
and which can be implemented for future use. The first step is to analyse the chemical kinetics of
an SCR system and build a mathematical model of the system. Once the model is built and the
various parameters of the model are estimated through an optimization routine. For this purpose
the output from a detailed kinetic model is used. Once the parameters are estimated, the model is
validated by using measurement data.

This is followed by the development of two model-based feedforward control strategies. One is used
to maintain a constant ammonia slip while the other is used to maintain a constant NOX/NH3 ratio.
Both the controllers are validated on an engine bench for a certain catalyst volume by running the
engine through the WHTC cycle. The results are then compared to a flat ANR dosing strategy.
Finally, suggestions are made for improvements and future work that can be carried out in this
area is discussed.

2.3 Objectives of the project

The goal of the thesis project was to develop and evaluate control strategies for a different catalyst
formulations developed by Johnson Matthey. The objectives of this project are:

� Develop an SCR model for an extruded vanadia catalyst formulation. The model can be used
for other catalyst formulations as well. Any additional reactions which are deemed relevant
for later use can be added to the model as well.

� Use a detailed kinetic model provided by Johnson Matthey AB to estimate various chemical
reaction parameters as well as the NH3 storage of the catalyst. The detailed kinetic model is
also used to validate the performance of the SCR model by using engine-out NOX emissions
for various test cycles.

� Build a feedforward controller using the SCR model. The controller is built for offline use
and to generate AdBlue dosing profiles by using engine-out NOX emissions for specific test
cycles.

� Validate the performance of the feedforward controller for the by using the dosing profiles
generated on the engine bench.
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3
Literature review

This section provides an overview of the literature review carried out with respect to SCR includ-
ing the aspects of modelling and control. To gain a basic understanding of the chemistry involved
in SCR systems, a thorough literature review was carried out related to the concepts of surface
chemistry, collision theory as well as chemical kinetics. References [19],[20] were referred to gain
an understanding of the concepts of surface chemistry and chemical kinetics. Literature related to
modeling and control of SCR systems was found in [21] and [22].

From the literature review a good understanding of the modelling of an SCR system was gained.
The methods adopted in literature for the modelling of SCR systems have also been adopted for
our thesis. Various control strategies for the control of SCR systems have been developed over the
years in order to bring down NOX emission levels. These control strategies also aim to limit the
emission of NH3. Some of the control strategies used are presented below:

3.1 Control strategies

1. Feedforward control of SCR systems For a feedforward control strategy, usually a
map-based or model-based system is in place. In case of a map-based system, the output of
the controller which should be the amount of urea to dose is usually obtained from a look-up
table. The amount of urea to be dosed is found in the look-up table for each engine operating
point. The map based system is usually developed for the steady-state operation of the SCR
system [23]. As per Willems et. al [24] [23] an open loop control system is sufficient to meet
Euro 4 and Euro 5 emission standards. However, the performance of a map-based system is
not very accurate during transient tests. The EU emission norms for different tailpipe out
emissions are shown in tables 3.1 and 3.2.

During the course of this thesis a map based system was tested for the World Harmonized
Test Cycle (WHTC). It was observed that the map based system did not really achieve any
significant reduction in NOX emission and ammonia slip compared to a system with a flat
dosing of ammonia to NOX ratio (ANR).

To meet Euro VI emission standards which demand a significant reduction in emissions rel-
ative to Euro 5, a model based system will be required. A model-based open loop control
system has very good performance even during transients. A model-based system usually
consists of a simple model of the SCR system incorporating the chemical kinetics and a tem-
perature model. In this thesis, a model-based feedforward only approach has been considered.

7



3.1. CONTROL STRATEGIES CHAPTER 3. LITERATURE REVIEW

Table 3.1: EU emission norms for heavy-duty diesel engines (Steady state testing). (* - PM=0.13
g/kWh for engines < 0.75 dm3 swept volume per cylinder)

Stage Date Test CO HC NOX PM

[g/kWh] [g/kWh] [g/kWh] [g/kWh]

Euro I 1992 ECE R-49 4.5 1.1 8.0 0.612

Euro II.a Oct. 1996 ECE R-49 4.0 1.1 7.0 0.25

Euro II.b Oct. 1998 ECE R-49 4.0 1.1 7.0 0.15

Euro III (EEV Only) Oct. 1999 ESC and ELR 1.5 0.25 2.0 0.02

Euro III Oct. 2000 ESC and ELR 2.1 0.66 5.0 0.10*

Euro IV Oct. 2005 ESC and ELR 1.5 0.46 3.5 0.02

Euro V Oct. 2008 ESC and ELR 1.5 0.46 2.0 0.02

Euro VI Jan. 2013 ESC and ELR 1.5 0.13 0.4 0.01

Table 3.2: EU emission norms for heavy-duty diesel engines (Transient testing). (* - PM=0.21 g/kWh
for engines < 0.75 dm3 swept volume per cylinder)

Stage Date Test CO HC NOX PM

[g/kWh] [g/kWh] [g/kWh] [g/kWh]

Euro III (EEV Only) Oct. 1999 ETC 3.0 0.4 2.0 0.02

Euro III Oct. 2000 ETC 5.45 0.78 5.0 0.16*

Euro IV Oct. 2005 ETC 4.0 0.55 3.5 0.03

Euro V Oct. 2008 ETC 4.0 0.55 2.0 0.03

Euro VI Jan. 2013 WHTC 4.0 0.16 0.46 0.01

A schematic diagram of a feedforward control system is shown in figure 3.1.

Figure 3.1: Schematic diagram of a feedforward control system

2. Feedback control of SCR systems

Traditional feedback control systems includes a PID controller which is used to control the
urea dosing to the SCR. A schematic of such a system is shown figure 3.2.

The feedback controller is mainly used to account for:

� Inaccuracy in modelling. One of the challenges of using feedback information from the
NOX sensor downstream of the SCR is the cross-sensitivity to NH3. A sensor is said
to be cross-sensitive when it detects other gases along with the gas concentration it is

8



3.2. SCR CHEMICAL KINETICS CHAPTER 3. LITERATURE REVIEW

Figure 3.2: Schematic diagram of a conventional feedback control system

supposed to measure. Most commercially available NOX sensors are also sensitive to
NH3 leaving the catalyst and this can cause an error in the measurements. This can
make the feedback loop unstable. To account for this, a cross-sensitivity compensation
is applied.

� To make the control system more robust.

� To account for reduced catalyst activity due to catalyst aging.

3. Advanced control strategies

Recent literature in the area of SCR control e.g [25] and [26] focus on optimizing the control
system. B Hollauf et al. propose a control strategy wherein they focus on obtaining an op-
timal NH3 loading set-point for various operating conditions. By NH3 loading on the SCR
catalyst, one means injecting sufficient urea a to store a sufficient amount on the catalyst
surface. This setpoint is optimized for various operating conditions by considering a trade-off
between the NOX conversion and NH3 slip desired.

Other advanced control strategies such as model predictive control have also been proposed
in literature. For e.g. McKinley et al. propose a model predictive control strategy in [27].
In a model predictive controller, the model used is detailed and is used to predict the output
of the system over a future time horizon. The control output is chosen so as to minimize a
certain cost function. The main advantage of model predictive control is that all the required
constraints are taken into account when the control output is determined. The main disad-
vantage of this system is that an optimization routine needs to be carried out at each time
step which can increase the computational time. However with increasing power of micropro-
cessors, model predictive control has a very high potential for future applications.

Stevens et al. propose an optimized control strategy wherein the urea dosing profile is opti-
mized for various operating conditions. Using optimal control to obtain the desired emissions
is to go a step further towards the development of better control strategies. However, opti-
mization is sometimes used to develop a strategy suited for a specific driving cycle. A driving
cycle is used in order to test a system on real-world driving conditions. It was discovered
in a study by the World Health Organization that auto manufacturers engaged in a practice
where the engine performance was optimized for a specific drive cycle [28]. The the emissions
of the vehicles would be much higher in a real driving conditions than during a test cycle.
This compromises the performance of the aftertreatment system in regular driving conditions.
This needs to be avoided because it leads to poor emission standards and also higher emissions
which can be a cause for pollution related health issues. Control strategies that can handle
all kinds of drive cycles are needed. However the primary focus of legislators and engine
manufacturers is to comply with in use needs and not to meet just drive cycle requirements.

3.2 SCR chemical kinetics

This section provides a brief overview of how SCR systems are generally modelled. A detailed
description of the modelling of SCR systems will be provided in the next section of this report.

Models of SCR systems generally comprise of the following sub-models:
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3.2.1 SCR kinetic model:

The NH3 storage model consists of modelled reaction rates. These reaction rates are used to cal-
culate the gas phase concentrations of NOX as well as NH3. Detailed kinetic models such as the
ones used by catalyst manufacturers such as Johnson Matthey and BASF are very detailed. They
usually include the reaction rates of all the reactions that occur or certain side reactions that might
occur inside an SCR convertor.

For control purposes, the chemical reactions are selected depending on which reaction is con-
sidered to be the most significant. Some SCR models seen in ex.[21] and [22] model only some of
the reactions which the authors consider to have the maximum impact on the emissions. This is
done to ensure that the model is simplified but captures all the relevant emissions at the same time.
This also ensures that the model runs relatively quickly. These models are also modelled based on
certain simplifying assumptions [29]:

� As a one-dimensional model where the variables are considered to vary only along the direction
of flow [21]. This is done in order to avoid partial differential equations. The SCR monolith
is considered to be made up of a number of continuously stirred reactors in series. The model
only models only one channel. Any radial effects over the substrate are ignored.

� Side reactions that produce N2O as well as the oxidation of NH3 to NO are neglected in these
models. This is because these side reactions are not considered to have a significant impact
on the outlet emissions of NOX from the SCR.

� The hydrolysis and thermolysis of AdBlue is neglected. Any wall wetting dynamics of AdBlue
in the pipe is also not considered to be significant. All the AdBlue is assumed to decompose
into urea. One mole of urea forms two moles of ammonia.

� The gas entering the SCR system is considered to be ideal.

Tests are run on engines using specific SCR systems and the model parameters are identified
using an optimization procedure. These models are specific to the type of catalyst used. E.g. for
a set of parameters identified for an extruded vanadia catalyst cannot be used for a Cu-Zeolite
catalyst as the reaction kinetics differ depending on the substrate and washcoat of the catalyst.

Chemical kinetics in an SCR system

The chemical kinetics in an SCR system involve the following reactions:

1. Adsorption and desorption of NH3 onto the surface of the catalytic convertor:

This mechanism can be depicted by the following reaction:

NH3(g) + S←−→ NH3
∗ (3.1)

where S in equation 3.1 denotes a free site on the surface of the catalytic convertor and NH3
*

denotes an ammonia molecule adsorbed onto the surface of the catalytic convertor. A free site
on a catalytic surface is an empty void. This is formed due to the adsorbent (the coating of
the catalytic convertor in this case) not being completely surrounded by the other adsorbent
atoms [30].This empty site is occupied by the ammonia molecules. The forward reaction in
equation 3.1 denotes adsorption of the ammonia molecule while the reverse denotes desorption
of NH3

*molecule.

The adsorption of NH3 on the surface of the catalyst is described by isotherms [30].These
isotherms can be used to describe the concentration of the adsorbate (NH3) on the surface
of the catalyst as a function of the concentration [30]. According to [21] and [31] the Eley-
Rideal mechanism is favoured for temperatures above 200 ◦C and the mechanism dominates
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for temperatures above this temperature. The temperature of the exhaust gas from a diesel
engine is generally above the temperature of 200 ◦C and thus the Eley-Rideal mechanism can
be assumed to be the dominating mechanism for the SCR system.

2. SCR reactions

There are mainly three important chemical reactions that occur beween the ammonia stored
in the catalyst and the NOX entering the catalyst.

The first SCR reaction is called the standard SCR. This reaction is depicted below:

4 NH3 + 4 NO + O2 −−→ 4 N2 + 6 H2O (3.2)

This reaction is important for NOX conversion because around 95 % of NOX out emissions
from a diesel engine is NO.

Another important SCR reaction is called the Fast SCR. This reaction is depicted below:

4 NH3 + 2 NO + 2 NO2 −−→ 4 N2 + 6 H2O (3.3)

Equation 3.3 consumes one mole of NH3 per mole of NOX and is faster compared to the
standard SCR [14]. The diesel oxidation catalyst (DOC) alters the ratio of NO/NO2. The
ratio of NO/NO2 in the engine out NOX will thus change after the DOC. This will ensure
that a major portion of the NOX gets converted through the fast SCR reaction. The fast
SCR is usually the dominant reaction when the ratio of NO/NO2 is close to one.

The last SCR reaction is called the Slow SCR and is shown below:

4 NH3 + 3 NO2 −−→
7

2
N2 + 6 H2O (3.4)

The slow SCR reaction is usually not relevant as it can be neglected [21] . The reaction rate of
the slow SCR becomes significant when all the NO is consumed inside the catalytic convertor.

3. Ammonia oxidation reactions:

The oxidation of NH3 needs to be considered during modelling as well. This is because the
oxidation of NH3 becomes significant at temperatures above 300 ◦C where it oxidizes to form
N2. This reaction is depicted below:

4 NH3 + 3 O2 −−→ 2 N2 + 6 H2O (3.5)

The oxidation of NH3 can also produce N2O which is depicted below:

2 NH3 + 2 O2 −−→ N2O + 3 H2O (3.6)

This reaction is undesirable as it leads to the formation of N2O.

There are additional side reactions that occur inside an SCR convertor which are not deemed
to be significant in this project and will not be discussed in this report.

The reaction rates of all these individual reactions modelled are used to calculate the ammonia
stored inside the catalyst. Further explanation regarding the calculations involved will be provided
in the next chapter of this report
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3.2.2 Temperature model:

The SCR model also consists of a sub-model that calculates the temperature dynamics of the SCR
system. The temperature model is based on simple heat balance. The SCR is assumed to be a
perfect heat exchanger. This implies that the temperature exhaust gas leaving the SCR is equal
to the temperature of the SCR. The SCR is assumed to be very well insulated therefore convective
and radiative losses are ignored.

Some temperature models include conduction along the length of the SCR. The conduction
effects have been ignored in this thesis. The temperature model described in [14] will be used for
this thesis. Details of the temperature model adopted for this thesis will be provided in the next
chapter.

3.3 Test cycles

Emission regulations in Europe are called as Euro emission norms. These emission legislations are
formulated for different vehicle categories. In this section, the current Euro emission norms for
trucks will be described in brief along with the test cycles used to evaluate the tailpipe emissions
from heavy-duty truck engines.

Over the years, the European regulations for emissions have become stricter demanding better
treatment of engine out emissions. To meet the current Euro VI norms, advanced aftertreatment
systems are necessary along with efficient control strategies which keep the emission within the
legislated limits.

Generally, the type of aftertreatment system chosen depends on the type of engine calibration.
For e.g. if the engine is calibrated such that it it produces very low particulate emissions, a high
efficiency NOX conversion system needs to be in place.

There are standardized test procedures for heavy-duty truck engines along with specific after
treatment systems in order to ensure that they meet the regulations. These test procedures involve
the testing of the engine on various test cycles. These test cycles are carried out on an engine
dynamometer.

Some of the common test cycles that have been used for emission norms are listed below [10]:

1. European transient cycle (ETC):

The European transient cycle was introduced in the year 2000 for emission certification pur-
poses by the European commission. This cycle was developed by the former FIGE institute
at Aachen, Germany based on real road test data for heavy-duty vehicles. This cycle is
composed of the following three parts:

� City driving with a maximum speed of 50 km/h. This portion of the drive cycle includes
the frequent starts, stops and idling.

� The second part of the drive cycle includes a portion for rural driving with an average
speed of 72 km/h.

� The third segment of includes highway driving with an average speed of 88 km/h.

The length of each part is 600 s. The final emissions are expressed in g/kWh. Figure 3.3
represents speed and torque profiles of the ETC. [32]:

2. European steady cycle (ESC):
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Figure 3.3: The European transient cycle - Speed and torque profiles [33]

The European steady cycle consists of 13 steady state operating modes and 3 random modes
[34]. These modes cover the entire operating range of diesel engines. While running in the
random modes, only the NOX emissions are measured. The emissions from the engine are
measured during each mode and averaged over the entire cycle. The final emissions are
expressed in g/kWh. The total length of the cycle is 1680 s. High exhaust gas temperatures
and high loads are characteristic of this cycle [33]. Figure 3.4 shows the various operating
modes of the European steady cycle:

3. World harmonized transient cycle (WHTC) and world harmonized steady cycle
(WHSC):

The WHTC and the WHSC cycles are test cycles that are defined by the global technical
regulation introduced by the United Nations Economic Commission for Europe. Although
different regulations for heavy-duty diesel engines were introduced in different countries, the
measurement techniques used for emissions are different. To accurately analyse the effect of
heavy-duty vehicles on the environment, a test cycle representative of the driving conditions
in various parts of the world was introduced.

The cycle is designed based on data representing typical driving conditions collected from the
Europe, the United States, Australia and Japan. The WHTC cycle covers both cold start
and hot start requirements while the WHSC is a steady state hot start cycle. This cycle
was developed keeping in mind the applicability of the cycle to the existing after-treatment
systems present at the time of introduction and also on the aftertreatment systems of the
future. Another factor considered while designing the cycle was the applicability of the cycle
to different heavy-duty engine types.
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Figure 3.4: The European steady cycle for heavy-duty applications [33]

Figure 3.5: The world-harmonized transient cycle for heavy-duty applications [35]

The WHSC cycle is similar to the ESC cycle described earlier. It consists of 13 steady state
operating modes. A weighting factor is assigned for the emissions from each mode. The
overall emissions are averaged over the entire cycle using the weighting factors. The engine
is operated in a particular mode for a designated amount of time before the speed and load
are changed linearly.
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3.4 Gas concentration measurement techniques

Various measurement techniques are employed in test benches to analyse the composition of the ex-
haust gas leaving the SCR. In this section the gas concentration measurement techniques employed
for our tests will be described.

3.4.1 Chemiluminescence based exhaust gas analyzer

For the measurement of gas concentrations during tests carried out at the engine bench a Horiba
MEXA-7100D exhaust gas analyser was employed. The analyzer measures NOX using the princi-
ple of Chemiluminescence. Chemiluminescence is a phenomenon where light is emitted due to a
chemical reaction. For example in the Horiba MEXA-7100D, the concentration of NO is measured
by reacting ozone(O3) with NO. This reaction produces electronically excited NO2 which emits a
photon before reaching a ground state. This emitted radiation is monitored which gives a measure
of the concentration of NO. The analyzer can measure NOX, CO, CO2, THC and O2 [36].

3.4.2 Quantum cascade laser (QCL)

Quantum cascade lasers are semiconductor lasers which emit radiations in the mid to large wave-
length infrared radiation band. QCLs are mainly used for measurement of gas composition. QCLs
can be tuned to a wide range of wavelengths and can be used to measure gas species such as NH3,
NOX, CO and CO2. They can be used in place of traditional FTIR systems primarily because
they are faster and are also smaller. However they currently expensive and are used primarily for
specialized applications [37]. The QCL employed for the tests carried out as a part of this thesis is
a Horiba MEXA 1400QL-MX. This analyzer uses a mid-infrared QCL and can be used to measure
gas components mainly NO, NO2, N2O and NH3 even in very small concentrations over a wide
range.

3.5 Maldistribution of NH3

Maldistribution of NH3 at the inlet of the SCR can affect the chemical reactions occuring in the
SCR and also affect the NH3 slip occuring at the outlet of the SCR. Maldistribution of NH3 due to
improper mixing can lead to higher concentrations of NH3 in some portions of the SCR and lower
concentrations of NH3 in other portions.

This can lead to poor overall NOX conversion and a higher NH3 slip. Thus ensuring good
mixing is important. To determine uniformity of mixing, a term called uniformity index is used.
A uniformity index of 1 indicates perfect mixing. The uniformity index was primarily used for
velocity distributions but it can be applied to any property that one wishes to analyse at the inlet
of the SCR convertor [38]. Variables that have a significant impact on the NOX conversion and
NH3 slip such as ANR can be analysed using the uniformity index. The uniformity index can be
expressed as

UI = 1− 1

2.ASCR
.

∫
ASCR

(
P

Pavg
− 1).dA (3.7)

where P is the parameters of interest.

To ensure good mixing of the NH3 with the exhaust gas, mixers are used in the exhaust pipe.
An image of a mixer is shown below:

The mixer shown in 3.6 is an example of a static mixer that is used in exhaust pipes before
the SCR. Static mixers induce turbulence and facilitate better mixing. The mixer is usually placed
between the urea injector and the SCR inlet. A mixer generally gives a higher pressure drop
compared to a case without a mixer. Hence, important considerations when designing mixers for
SCR systems are low pressure drop and good mixing [40].
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Figure 3.6: A 2-stage mixer for urea SCR application adopted from [39]

3.6 Carbon footprint of urea

The carbon footprint can be defined as the total greenhouse gas emissions that are produced by an
organization, event or a product. Usually the sources of greenhouse gas emissions can be classified
into direct and indirect sources. Usually, the majority of the greenhouse gas emissions occur due
to indirect sources which are far away from the end consumer. Urea is one of the main components
of AdBlue. Urea is produced on a large scale from liquid NH3 and CO2. Urea production actually
has the potential to reduce one of the main greenhouse gases i.e. CO2. This is because CO2 is
utilized directly in the production of urea. Over the past 50 years, the processes used to produce
urea have also improved significantly which further reduce any emissions that may occur due to
the manufacturing process.

Current manufacturing plants utilize less power and are more energy efficient. The CO2 that is
released to the atmosphere through flue gases and emissions from chemical plants can be utilized
for urea production. Urea thus has a low carbon footprint at the production stage. However CO2

emissions can occur when urea is used as a fertilizer for land application through hydrolysis in the
soil. Urea is synthesized in liquid form also called as urea melt. The urea melt is mixed in a plant
with demineralised water in the right proportions to form AdBlue [41].

The carbon footprint of urea is significantly influenced by the fuel used in the production pro-
cess. Larger emissions are observed if coal is used for urea production compared to the case when
natural gas is used. Fossil fuels such as coal and natural gas are mainly used for the steam reforming
process used to produce hydrogen which in turn is used to produce NH3 through the Haber-Bosch
process. Natural gas is the most commonly used fossil fuel with approximately 80 % of the world’s
ammonia being produced using natural gas. Modern plants are equipped with systems to recover
the supplementary CO2 produced during the combustion of natural gas.

Emissions associated with the extraction, production and transmission of natural gas also con-
tributes to the overall carbon footprint associated with urea production. Additional sources such
as leakage during transportation also contribute significantly. With recent advances in production
processes, the carbon footprint associated with urea production has decreased in the past decade.
According to the international fertilizer association, the energy consumption for the urea produc-
tion plants has decreased by 9% over the last decade. From an agricultural perspective, the carbon
footprint associated with urea is larger. However from the point of view of AdBlue production, the
carbon footprint is significantly smaller. The following table shows the emissions and energy use
starting from the production of natural gas till the production of ammonia:
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Table 3.3: Greenhouse gas emissions and energy consumption for the production of ammonia in
different regions of the world (Adopted from [42])

Region t CO2/ t NH3 MJ/ t NH3

Western Europe 2.34 41.6

North America 2.55 45.5

Russia and Central Europe 3.31 58.9

China and India 5.21 64.3

Rest of the world 2.45 43.7

World average 3.45 52.8

3.7 Fuel penalty and costs associated with urea SCR

Urea SCR technology is a very promising aftertreatment technology. Not only does it allow a higher
NOX conversion on a wider temperature window, but it also has an insignificant fuel penalty associ-
ated with it. This is because the engine can be calibrated to operate at optimum fuel consumption
rather than calibrating it to lower NOX emissions. Thus the injection timing of the engine can be
advanced. Although this has a negative impact on the NOX emissions it has a positive impact on
soot emissions and also improves fuel economy.

Compared to emission control technologies, SCR also has lower system cost and lower operating
cost. Lambert et. al in [43] demonstrate the application of urea SCR technology for low and heavy
duty vehicles and observe the costs associated with it. As a part of this study, the fuel penalty
associated with LNT and SCR systems was observed. While LNT systems showed a fuel penalty
of 7% to achieve a NOX conversion of 80 %, SCR technology showed no direct fuel penalty. If fuel
penalty associated with the production of urea was to be considered, it accounted for 0.2 %.The
operating cost of LNT was observed to be almost 3 times that of SCR technology for heavy duty
application.

EGR systems are also used in diesel engines for lowering NOX emissions. However with the
use of EGR systems, the fuel economy decreases. This is because of incomplete combustion due
to lower oxygen levels especially at higher loads. Compared to both EGR and LNT technologies,
SCR has almost no impact on fuel economy while contributing to lowering emission levels at the
same time. The use of urea SCR can bring down driving costs considerably. If LNT systems are
replaced by SCR systems, the cost reduction can occur through the reduction in fuel consumption.
According to the study conducted in [43], the overall lifetime cost difference between using SCR
over LNT was calculated to be 7350 USD.

Although the study carried out Lambert et al. states SCR to be a cheaper aftertreatment so-
lution compared to LNT and EGR, there are costs associated with using SCR technology in the
form of AdBlue costs which is taken as a percentage of fuel cost. Although the carbon footprint
associated with urea used for trucks is relatively small compared to the urea used for agricul-
ture, it is worthy of being considered. We consider one of the tests carried out at the engine bench
and calculate the fuel penalty and the increase in CO2 footprint. The test is run for a WHTC cycle.

Engine out NOX = 5.7 g/kWh (3.8)

A NO/NO2 ratio of 63:37 in the NOX after the DOC was calculated through measurements. The
molar mass of NOX is,

Molar Mass of NOX = 46 g/mol (3.9)
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Dividing 3.8 by 3.9 gives,
Engine out NOX = 0.124 mol/kWh (3.10)

The overall ANR during the test was observed to be 1.09. Thus the consumption of NH3 can
be calculated by multiplying 3.10 with the ANR as shown below:

Consumption of NH3 = 1.09.(Engine out NOX [g/kWh]) = 0.135 mol NH3/kWh (3.11)

Since one mole of urea gives 2 moles of NH3, the consumption of urea can be calculated as,

Consumption of Urea =
Consumption of NH3

2
= 0.067 mol Urea/kWh (3.12)

The molar mass of Urea can be taken as 60 g/mol. Upon multiplying the molar mass of urea
by the consumption of urea in moles we obtain,

Urea consumption in g/kWh = (Consumption of urea in mol/kWh).(Molar mass of urea)

= 4.05 g of urea/kWh
(3.13)

The concentration of urea in Adblue is 32.5 %. Thus the AdBlue consumption can be calculated
to be

AdBlue consumption =
Urea consumption in g/kWh

0.325
= 12.46 g AdBlue/kWh (3.14)

Density of AdBlue at 20 ◦C is 1.08 kg/L. The price of AdBlue in Sweden is roughly half that of
diesel. The price of diesel in Sweden is 13.55 SEK/L. Thus the price of Adblue is taken to be 6.7
SEK/L. Thus the cost per kWh of AdBlue can be calculated as,

Cost per kWh of AdBlue =
(AdBlue consumption).(6.7)

1.08.103
= 0.0844 SEK/kWh (3.15)

The efficiency for the engine used is assumed to be around 35 %. The BSFC of the engine can
be calculated as,

BSFC =
1

η.LHVDiesel
= 242 g/kWh (3.16)

The fuel cost per kWh is calculated as ,

Fuel cost per kWh =
(BSFC).(Fuel Cost)

Density of diesel
= 4.15 SEK/kWh (3.17)

To calculate the AdBlue penalty as a percentage of the fuel consumed, we divide 3.15 by 3.17
which gives,

AdBlue penalty =
Cost per kWh of AdBlue

Fuel cost per kWh
= 2 % (3.18)

The CO2 footprint of AdBlue can now be calculated. One molecule of AdBlue releases one molecule
of CO2. Thus the contribution of CO2 per kWh from the AdBlue is the same as the consumption
of urea as calculated in 3.12.

The total CO2 produced by the diesel fuel can be calculated by using the carbon content in
diesel. The carbon content in diesel is 2.778 Kg/gallon or 0.73 Kg/L. The CO2 produced per litre
of diesel is calculated as,

CO2 produced =
0.73.0.99.44

12
= 2.649 kg of CO2/l (3.19)
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The CO2 produced per gram of diesel is thus,

CO2 produced from diesel per kWh =
(2.649).(BSFC)

Density of diesel

= 811 g of CO2/kWh = 18.44 mol of CO2/kWh

(3.20)

Thus the CO2 penalty expressed as a percentage of total CO2 emissions from diesel can be calculated
as,

CO2 penalty from AdBlue =
AdBlue CO2 contribution

Diesel CO2 contribution
= 0.4 % of total CO2 from diesel fuel.

(3.21)
The total relative increase in the CO2 footprint is calculated as using the CO2 footprint per ton

of NH3 produced for western Europe from the previous section.

Total relative CO2 footprint increase = (CO2 penalty AdBlue)+

(CO2 penalty AdBlue).(CO2 footprint for western Europe)

= 1.22%

(3.22)
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4
Numerical model of the SCR system

A model representing a state of the art extruded vanadia system was developed. The model is
parameterized using engine test data. This chapter provides an overview of the structure of the
model and the various chemical reactions modelled. The structure of the model is similar to the
structure described in the previous chapter. The system is modelled based on the assumptions
mentioned in section 2.2.1.

4.1 Overview of chemical kinetics modelled

A total of six chemical reactions have been modelled. The first two reactions modelled represent
the adsorption and desorption of NH3 on the surface of the catalyst. These reactions and their
respective reaction rates are shown below:

NH3 + S←−→ NH3
∗ (4.1)

The reaction rates for adsorption are expressed as,

rads = kads.CNH3.Cs.(1− θ) (4.2)

where θ is the surface coverage of the catalyst, Cs concentration of active surface atoms with
respect to the gas volume in the converter, kads denotes the rate constant of the reaction and CNH3

denotes the gas phase concentration of ammonia.

The adsorption reaction is assumed to be a non-activated reaction and the ammonia is assumed
to adsorb on the catalytic surface instantaneously.

The rate of desorption is expressed as,

rdes = kdes.e
−( Ea

R.T
).Cs.θ (4.3)

where Ea denotes the activation energy for desorption, kdes denotes the rate constant for des-
orption and R denotes the universal gas constant.

After a brief literature review on the topic of NH3 desorption from the surface of the SCR,
the desorption was taken to be of Temkin-type [44] and the activation energy was taken to be a
function of the surface coverage θ. The activation energy as a function of the surface coverage is
expressed below,

Ea = ∆HNH3.(1− α.θ) (4.4)
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where ∆HNH3 denotes the constant of activation energy for desorption and alpha denotes the
constant for surface coverage dependence. The next set of reactions modelled are the SCR reactions.
These SCR reactions and their respective reaction rates are shown below:

4 NH3 + 4 NO + O2 −−→ 4 N2 + 6 H2O (4.5)

The rate of the standard SCR reaction is expressed as,

rstd = kstd.e
−(

Estd
R.T

).Cs.CNO.θ (4.6)

where CNO is the concentration of NO in the gas phase, Estd is the activation energy for the
standard SCR reaction and kstd is the rate constant for the standard SCR reaction.

4 NH3 + 2 NO + 2 NO2 −−→ 4 N2 + 6 H2O (4.7)

The rate of fast SCR reaction is expressed as,

Rfast = kfast.e
−(

Efast
R.T

).Cs.CNO.CNO2
θ (4.8)

where Efast is the activation energy for the fast SCR reaction and kfast is the rate constant for
the fast SCR reaction.

Initially the slow SCR reaction was not modelled. However upon running further tests on
the extruded vanadia catalyst, it was observed that the slow SCR reaction occurred around the
operating temperatures of the catalyst. Thus the slow SCR reaction was included in the model.

8 NH3 + 6 NO2 −−→ 7 N2 + 12 H2O (4.9)

rslow = kslow.e
−(

Eslow
R.T

).Cs.CNO2
θ (4.10)

The last set of reactions modelled are the oxidation reactions which describe the oxidation of
NH3 on the catalyst surface. Since diesel combustion is a lean combustion there is always excess of
oxygen, hence the oxidation reaction is assumed to be independent of oxygen concentration.

4 NH3 + 3 O2 −−→ 2 N2 + 6 H2O (4.11)

rox = kox.e
−(

EOx
R.T

).Cs.θ (4.12)

These reaction rates are then used to calculate the surface coverage of the SCR catalyst as a
function of time. This can be expressed by the following equation:

θ̇ = rads − rdes − 2.rfast − 4.rslow − rstd − 2.rox (4.13)

The rates are also used to calculate the individual concentrations of NO, NO2 and NH3. The
individual concentrations can be calculated as,

CNH3 =
(NCell
ε.Vc

).ṅNH3,in
+ rdes

(
Rex,gas

Pamb
).(NCell

ε.Vc
).ṁexgas.T + kads.Cs.(1− θ)

(4.14)

ĊNO = (
NCell

ε.Vc
).ṅNO,in − (

NCell

ε.Vc
).ṅNO,out − rfast − rstd (4.15)

ĊNO2 = (
NCell

ε.Vc
).ṅNO2,in

− (
NCell

ε.Vc
).ṅNO2,out

− rfast − rslow (4.16)
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Consider equation 4.14. The concentration of NH3 is in [mol/m3] and the units of ṅNH3,in
is

in [mol/s]. Upon cross-multiplying the denominator of 4.14 with the LHS of the equation and
rearranging the terms equation 4.14 can be expressed as,

ṅNH3,out.Ncell = ṅNH3,in.Ncell + rdes − rads (4.17)

All the terms in equation 4.17 have the units [mol/m3 s].

For a 3-cell model, the concentration of NH3, NO and NO2 calculated in the first cell is carried
forward to the second cell where the SCR reactions occur again. The concentrations of NH3, NO
and NO2 from the second cell is carried forward to the third cell.

Equations 4.14-4.16 show how the concentrations are calculated in an SCR Cell. For a 3-cell
model these equations would give the concentrations of NH3, NO and NO2 in the first cell. The
concentrations in the second cell can be calculated as shown below:

CNH3,2 =
(NCell
ε.Vc

).ṅNH3,cell1out
+ rdes,cell2

(
Rex,gas

Pamb
).(NCell

ε.Vc
).ṁexgas.Tcell2 + kads.Cs.(1− θ)

(4.18)

ĊNO,2 = (
NCell

ε.Vc
).ṅNO,cell1out − (

NCell

ε.Vc
).ṅNO,cell2out − rfast − rstd (4.19)

ĊNO2,2 = (
NCell

ε.Vc
).ṅNO2,cell1out

− (
NCell

ε.Vc
).ṅNO2,cell2out

− rfast − rslow (4.20)

4.1.1 Scaling of storage capacity

The storage capacity which is denoted by Cs is a variable that is automatically scaled with the
volume of the catalyst. The units of the storage capacity Cs is expressed in [mol/m3]. The scaling
of the storage capacity of the catalyst is explained with an example to ensure better understanding.
Let us consider the calculation of the concentration of NH3 (g) inside the catalyst. It is expressed as
shown by equation 4.14. Upon cross multiplying the denominator, equation 4.14 can be expressed
as,

CNH3.(
Rex,gas
Pamb

).(
NCell

ε.Vc
).ṁexgas.T ) + CNH3.kads.Cs.(1− θ) = (

NCell

ε.Vc
).ṅNH3,in

+ rdes (4.21)

Upon using the ideal gas law and the rate equation for desorption, equation 4.21 can be expressed
as,

ṅNH3,out.
NCell

ε.Vc
= ṅNH3,in.

NCell

ε.Vc
+ kdes.e

−( Ea
R.T

).Cs.θ − CNH3.kads.Cs.(1− θ) (4.22)

where Vc is the volume of the catalyst. Upon multiplying both sides of equation (4.22) by ε.Vc we
get

ṅNH3,out.Ncell = ṅNH3,in.Ncell + kdes.e
−( Ea

R.T
).Cs.θ.ε.Vc − CNH3.kads.Cs.(1− θ).ε.Vc (4.23)

The term ε.Vc gives the gas volume or open volume of the catalyst in m3. Thus, upon multiplying
this term by Cs which is expressed per m3 of catalyst volume, the NH3 storage capacity of the
catalyst for any particular volume of the catalyst is obtained.
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4.2 Temperature Model

The temperature model is a simplified model. The heat losses to the surroundings are assumed to be
minimal as the SCR is well insulated. Therefore radiative and convective losses to the environment
are neglected. The temperature model can be expressed through the following equation,

ṪSCR =
NCell,T .Cp,exgas.ṁexgas.(Texgas − TSCR)

Cp,SCR.mSCR
. (4.24)

The effect of radiation was tested by adding an additional equation for the radiation loss. How-
ever, the heat losses due to radiation were observed to be minimal and the term was removed from
the model.

Initially the temperature model comprised of 3 cells. When the temperature model was tested
with test data, it was observed that although the temperature model captured the dynamics of the
real system, there was still more room for improvement.

Upon extending the number of cells to 9, the temperature profile of the SCR captured the
dynamics of the real SCR system better. This is shown in figure 4.1.

0 200 400 600 800 1000 1200 1400 1600 1800
0

50

100

150

200

250

300

350

400

Time [s]

T
em

pe
ra

tu
re

 [C
]

 

 
9−cell temperature model
3−cell temperature model
Engine bench

Figure 4.1: 3 cell Temperature model vs 9 cell temperature model

The temperature model was extended by discretizing the SCR system into 9 cells.

The SCR system is discretized into 3 cells to capture the reaction kinetics and each of these
cells comprises of 3 cells of the temperature model. Figure 3.1 represents the discretization carried
out on the SCR system:

After an additional but brief literature review, the specific heat capacities of the exhaust gas
as well as the SCR monolith were considered to be functions of temperature. The key point to be
noted is that, the model is intended to be simple yet capture the dynamics of the real system. More
accurate temperature models of SCR systems are available as mentioned in the previous chapter
and can be utilised for future use.

The modified specific heat of exhaust gas as a function of temperature can be expressed as,

Cp,exgas = A1 −
A2

T 2
exgas

+A3.Texgas +A4.T
2
exgas (4.25)
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Figure 4.2: Discretization of the SCR into 3 CSTRs for the reaction kinetics and 9 cells for temperature
estimation

where A1, A2, A3 and A4 are constants specific to exhaust gas. These constants were taken from
the JM model.

The modified specific heat of the substrate as a function of temperature can be expressed as,

Cp,substrate = M1 +M2.TSCR −M3.TSCR.
2 (4.26)

where M1, M2 and M3 are constants specific to the substrate material. These constants were taken
from the JM model.

4.2.1 Heat losses through the exhaust pipe and urea decomposition

Engine bench data for the WHTC and WHSC cycles were obtained for the purpose of tuning the
parameters of the system to engine bench data. However it was observed that the temperature
measured at the inlet of the SCR was inaccurate due to the wetting of the temperature sensor
with droplets of AdBlue solution. In order to obtain a fairly good estimate of the temperature of
the inlet of the SCR, heat losses due to urea decomposition and through the exhaust pipe were
modelled. The description of the model is provided in this section.

Due to the high temperature of the exhaust gas, AdBlue injected upstream of the SCR decom-
poses into urea which gets then reduced to ammonia and iso-cyanic acid. Water evaporates first
which causes a decrease in the temperature of the exhaust gas. This is because evaporation of water
is a cooling process which utilizes the heat from the exhaust gas lowering the temperature of the
exhaust gas. The model representing the heat losses due to urea decomposition can be shown by
the following expression:

QAdB = [(Lv,H2O
+ (Tb,H2O

− Tamb).Cp,H2O(l) + (Tout − Tb,H2O
).Cp,H2O(g)).(1− γ)

+ (Tout − Tamb).Cp,Urea.γ].ṁurea

(4.27)

Equation 4.27 represents the heat absorbed by AdBlue to decompose into urea.
The heat lost by the exhaust gas can be expressed by,

Qexgas = Cp,exgas.ṁexgas,US .Tin − Cp,exgas.(ṁexgas,US + ṁurea).Tout (4.28)
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Solving for Tout and rearranging the terms we arrive at the following equation,

Tout =

Cp,exgas.ṁexgas,US .Tin + ṁurea.[(1− γ).Cp,H2O(g).Tb,H2O
+ Tamb.Cp,Urea.γ

− (Tb,H2O
− Tamb).Cp,H2O(l) − Lv,H2O

.(1− γ)]

Cp,exgas.(ṁexgas,US + ṁurea) + ṁurea.Cp,Urea.γ + Cp,H2O(g).(1− γ)
(4.29)

In addition to the heat losses due to urea decomposition, there are heat losses through the
exhaust pipe. The model used has been adopted from [45] proposed by Lars Erikson. The model of
the exhaust pipe is a mean-value model. Figure 4.3 represents the heat losses through the exhaust
pipe upstream of the catalyst.

Figure 4.3: Heat losses through the exhaust pipe

The heat losses in the exhaust pipe can be split into internal heat losses and external heat
losses. The internal heat losses involve heat losses from the exhaust gas to the pipe wall while the
external involve convective and radiative heat losses to the surroundings. Calculating the internal
and external heat losses, the wall temperature can be calculated.

Q̇external = A.[hcv,ext.(Twall − Tamb) + σSB.Fv.εrad.(T
4
wall − T 4

amb)] (4.30)

Q̇internal = [hi.A.(Texgas − Twall)] (4.31)

dTwall
dt

= Q̇internal − Q̇external (4.32)

In the expression 4.30, the radiation term can be factored into

Qradiation = A.[σSB.Fv.εrad.(T
2
wall + T 2

amb).(Twall + Tamb).(Twall − Tamb)] (4.33)

Equation 4.33 can be rewritten as
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Qradiation = hrad.(Twall − Tamb) (4.34)

where hrad is a lumped non-linear term. This is done mainly because this transforms the ra-
diation expression into a form similar to the convective equation. The term hrad can be used to
compare the respective heat transfer coefficients.

The wall temperature calculated from equation (4.32) can be used to calculate the temperature
of the exhaust gas at the outlet of the exhaust pipe.

The expression for the temperature drop in the can be determined through the means of a
partial differential equation. To determine the expression for the temperature drop in the pipe, a
small slice of the pipe is considered with a length of dx. The pipe is assumed to be straight for
simplicity. A schematic diagram of the pipe is shown below:

Figure 4.4: Schematic diagram of the pipe considered for the derivation

The small section of the pipe is considered at a distance (x+dx
2 ) from the inlet of the pipe. As

the exhaust gas passes through the pipe, the temperature of the gas decreases along the length of
the pipe. The temperature at the end of the small section is considered to be Ts. The surface area
of the small section can be given by

As = π.dx.D (4.35)

Thus the heat flux through this small section can be given by

Q̇ = As.hs.(Ts − Twall) (4.36)

Writing the expression for the heat lost by the exhaust gas from the beginning of the section at
a distance (x-dx2 ) to the end of the section at (x+dx

2 )

Q̇ = ṁexgas.Cp,exgas.(Tx+ dx
2
− Tx− dx

2
) (4.37)

Setting (4.36) equal to and taking the limit as dx → 0, the following PDE is obtained

−dTwall
dx

=
hs.π.D.(Ts − Twall)
ṁexgas.Cp,exgas

(4.38)

Solving the above equation through the method of separation of variables the final expression
for the outlet temperature of the pipe is obtained

Tpipe,out = Twall + (Texgas − Twall).e
−

hcv,i.Apipe
ṁexgas.Cp,exgas (4.39)

The pipe model along with the model for urea decomposition is coupled with the SCR model
and is used to obtain a estimate of the SCR temperature. During the tests with the model, it was

26



4.2. TEMPERATURE MODEL CHAPTER 4. MODEL OF THE SCR

observed that the temperature drop in the exhaust gas due to the decomposition of AdBlue is not
significant. Hence the model for temperature loss due to urea composition was not was not used
during the simulation. However the pipe model was retained as there were significant heat losses
from the exhaust pipe. Figure 4.5 shows the SCR out gas temperature after including the pipe
model.
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Figure 4.5: SCR temperature with the pipe model

From figure 4.5 it can be seen that a good estimate of the temperature at the inlet of the SCR
is obtained. The following table lists the heat transfer coefficients used in the model:

Table 4.1: Heat transfer coefficients

Parameter W/ K m2

hexternal 30

hinternal 400

hconvection 80

hradiation 30

From the measurements of the SCR temperature for a WHTC test cycle, it was observed that
the average drop in temperature of the exhaust gas was around 27 ◦C from the outlet of the DOC
till the inlet of the SCR. To check the performance of the pipe model, 27 ◦C was subtracted from
the temperature measured after the DOC which was then given in the feed to the SCR model to
obtain an estimate of the SCR temperature. Figure 4.6 shows the comparison for the SCR tem-
perature obtained with the pipe model and by subtracting 27 ◦C from the exhaust gas temperature.

From the above figure, it might seem that subtracting 27 ◦C might be a better option. However
the curve for this case agrees well only in the beginning of the cycle while the temperature obtained
with the pipe model shows a higher temperature. This is mainly because during the beginning of
cycle the drop in temperature is well below 27 ◦C and this value is the average value for the entire
cycle. Thus, it is a better idea to run the SCR model with the exhaust pipe model as well as the
model for urea decomposition. The temperature of the SCR model seems to deviate from that of
the engine bench during the first 300 seconds. One of the reasons for this could be that the initial
temperature of the exhaust pipe is wrong. The initial temperature of the exhaust pipe was assumed
as a true measure of the initial temperature of the pipe was not available.
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Figure 4.6: SCR temperature with the pipe model and without the pipe model

4.3 Parameter Estimation

The previous section mentioned the modeling part of the SCR kinetics. This section will explain
the process of parameter identification for the SCR kinetics. A total of 13 parameters had to
be identified. An existing detailed kinetic model of the SCR developed by Johnson Matthey was
available. This detailed kinetic model served as a virtual gas bench to conduct the various tests to
identify the parameters. This leads to a quicker lead time and flexibility in conducting the tests.
Flexibility here refers to the ease of changing the gas composition.

The parameters to be identified are the pre-exponential factor for the 6 reactions and the acti-
vation energy for 5 reactions. The adsorption is assumed to be a non-activated reaction hence the
activation energy of adsorption is 0. Two other parameters that were estimated are ’alpha’ that
takes into account the variation in the activation energy as a function of number of filled sites and
’Cs’ which is the NH3 storage capacity of the catalyst. The term Cs is the capacity equivalence in
the gas phase to the surface capacity. Cs does not have a physical meaning as capacity is a surface
phnomenon.

The parameters in the detailed kinetic model of Johnson Matthey were for an aged catalyst. In
order to validate the model for a fresh catalyst the parameters of the 3 cell model were calibrated
to the engine bench data from a fresh catalyst.

A 3 cell SCR and a 5 cell SCR were modeled. It was observed that there were no significant
differences between a 3 and 5 cell model, therefore the 3 cell model was retained. The 3 cell model
has a prediction of NOx and NH3 out for both the steady and transient response. Moreover a 3
cell model would be computationally less demanding than a 5 cell and is faster, which would render
it better for control purpose.

To accomplish this task, the MATLAB® function fminsearchbnd was used [john d errico]. The
cost function formulated is shown in equation 4.40.

J = Σ[
(NO2meas −NO2sim)2

var(NO2meas −NO2sim)
+

(NH3meas −NH3sim)2

var(NH3meas −NH3sim)
+

(NOmeas −NOsim)2

var(NOmeas −NOsim)
] (4.40)

The cost function is divided by variance to give equal importance to all the 3 terms in equation
4.40. Otherwise fminsearch has an inclination to reduce the term that has a greater influence on
the cost function.
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4.3.1 Steps involved in parameter estimation

1. Identification of the kinetic parameters for adsorption, desorption and capacity:

This is the first step in the parameter identification process. The input feed containing
1500 ppm of NH3 is turned on at 1000 seconds while the temperature of SCR is maintained
at a constant temperature of 150 ◦C. The mass flow rate is at 0.5 kg/s throughout this test.
1500 ppm of ammonia is fed for approximately 1600 seconds and then turned off. After a
while the temperature is raised linearly at 15 ◦C per minute till 450 ◦C. This process ensures
that all the ammonia adsorbed on the catalyst desorbs completely by increasing the temper-
ature. This step is called TPD (Temperature programmed desorption), this is carried out to
determine the capacity of the catalyst that is the total ammonia adsorption capacity in moles.

By carrying out TPD 5 kinetic parameters are identified using an optimization routine with
fminsearch in Matlab. The parameters identified are : 1. kads - pre exponential factor for
adsorption 2. kdes - pre exponential factor for desorption 3. Eades - Activation energy for
desorption 4. α - Constant which ensures that activation energy for desorption is a function
of surface coverage (θ) 5. Cs - Capacity in gas phase.

Figure 4.7 shows the comparison between the 3 cell model and the detailed kinetic model once
the parameters are estimated using fminsearch. There is a good agreement between both the
models.
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Figure 4.7: TPD test comparison of JM model vs 3 cell model

2. Identification of the kinetic parameters for standard SCR reaction:

The second step in the parameter identification involves identifying the rate constant for
the standard SCR reaction. As mentioned earlier the SCR reaction involves reaction with
only NO. The feed which contains the mass flow rate of exhaust gas, NH3 and NO is varied in
steps and turned on/off as shown in figure 4.8 and 4.9. Two parameters are estimated which
is the pre exponential constant and the activation energy for standard SCR.
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Once the optimization is complete and parameters identified there is a good agreement be-
tween the 3 cell and the JM model. This agreement can be seen in figure 4.8 and 4.9.

3. Identification of the kinetic parameters for slow SCR reaction:

Once the kinetic parameters for the standard SCR have been identified the next step is
to identify the parameters related to the standard SCR. In this step the input feed consists
of only NO2 gas and NH3. An optimization routine as mentioned earlier is carried to identify
the parameters. The parameters estimated in this step are the pre exponential factor and
activation energy for slow SCR.

4. Identification of the kinetic parameters for fast SCR reaction:

The fast SCR reaction is one of the most important reactions in an SCR as this it the
fastest reaction. The rate constant for the fast SCR is one order of magnitude higher than
the standard SCR. To identify the rate constants for the fast SCR the input feed gas has equal
proportion of NO and NO2. The ANR, mass flow rate and temperature are varied in steps.
Once again the optimization routine is run with fminsearch to identify the two parameters
which are the pre exponential factor and the activation energy of fast SCR.

5. Identification of the kinetic parameters for NH3 oxidation reaction:

Once all the parameters related to the SCR reactions have been identified the final step
is to identify parameters for NH3 oxidation reaction. In this process 10 % oxygen is included
in the feed. In all the previous reaction oxygen was not present in the feed. This is carried
out to identify the parameters for the rate constant for oxidation of ammonia to nitrogen.

Once all parameters are identified step wise. In figure 4.8 and 4.9 it can be seen there is
a good agreement in the transient and steady state behavior of the two models. There is a
slight discrepancy in the steady state values and this can be attributed to the following:
1. Number cells 2. JM model is a detailed kinetic model which has more reactions and in-
cludes mass transfer effects which the 3 cell model ignores.
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Figure 4.8: Ammonia slip comparison for a 3 cell and the detailed kinetic model with all parameters
estimated

Table 4.2 gives the estimated values for the parameters after the parameter identification pro-
cedure. The initial guesses are also shown.
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Figure 4.9: NOX out comparison for a 3 cell and the detailed kinetic model with all parameters
estimated

Table 4.2: Estimated parameters for SCR kinetics

Parameter Symbol Value Initial guess Lower Upper

bound bound

Pre exponential factor adsorbtion kads 5.796 5 0 +inf

Pre exponential factor desorbtion kdes 1.09e6 6e5 0 +inf

Activation energy desorbtion Eades 81.7e3 81e4 25e3 250e3

Alpha α 0.1871 0.2 0 1

Capacity Cs 146.21 150 75 250

Pre exponential factor fast scr kfastSCR 4.18e11 5e11 0 +inf

Activation energy fast scr EafastSCR 6.85e4 67e3 25e3 250e3

Pre exponential factor standard scr kstdSCR 1.56e7 2.74e8 0 +inf

Activation energy standard scr EastdSCR 6.37e4 75e3 25e3 250e3

Pre exponential factor slow scr kslowSCR 2.28e10 5e10 0 +inf

Activation energy slow scr EaslowSCR 1.06e5 1e5 25e3 250e3

Pre exponential factor oxidation kox 1.18e12 2.4e9 0 +inf

Activation energy oxidation Eaox 1.81e5 40e3 25e3 250e3

4.3.2 Sensitivity analysis

This section gives an overview of the sensitivity analysis carried out on the SCR model to under-
stand how variations in estimated parameters affect the output of the model. Sensitivity analysis
is a study of how variations in the output of a model can be linked to variations in the inputs to
the model. Changes in parameters have a direct influence on the states of the system. This in turn
has a direct influence on the output from the model. Variations in the output of the model has a
direct influence on the cost function used for optimizing the parameters.

Through a sensitivity analysis, the parameters can be ranked depending on the order of influ-
ence and the parameters with the most significant influence on the cost function can be tuned. A
sensitivity analysis also helps in defining an effective cost function for parameter estimation. The
cost function used for parameter estimation has already been shown in the previous section on
parameter estimation.
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Each parameter is changed by a small amount one at a time and the influence of this change is
observed on the output of NO, NO2 and NH3 concentrations respectively. The overall sensitivity
of the cost function is also observed. Each parameter is varied by ± 1 %. A sensitivity index is
used to quantify the influence of each of the parameters. The sensitivity index can be defined as,

SParam =
(Jvaried − Joptimal).Poptimal
(Pvaried − Poptimal).Joptimal

(4.41)

where Jvaried is the value that the cost function takes when upon varying the parameter [46]
and Pvaried is the varied value of the parameter from the optimal value. The parameters are varied
in steps of 0.5 %.

The following table gives the sensitivity indices for the parameters estimated:

Table 4.3: Sensitivity indices for the parameters estimated

Parameter Sparam -1% Sparam -0.5% Sparam +0.5% Sparam +1%

kfastSCR 0.007 0.004 0.005 0.004

EafastSCR 0.087 0.086 0.086 0.095

kdes 0.010 0.03 0.008 0.007

∆HNH3
0.108 0.121 0.148 0.159

kstdSCR 0.027 0.027 0.023 0.022

EastdSCR 0.380 0.379 0.355 0.350

kads 0.011 0.003 0.008 0.007

kslowSCR 0.005 0.001 0.007 0.011

EaslowSCR 0.260 0.268 0.293 0.310

kox 0.001 0.002 0.010 0.004

Eaox 0.129 0.121 0.100 0.088

Cs 0.019 0.015 0.011 0.018

alpha 0.008 0.002 0.003 0.003

From the table, it can be observed that the cost function is influenced most by the activation
energy for the standard SCR reaction followed by the activation energy for the slow SCR reaction.
The activation energy of the oxidation of NH3 also seems to have a rather significant influence
on the cost function value. The following plots show the variation of the cost function with the
variation of the parameter. The variation is shown as a relative variation of the parameters with
respect to the optimal value while the variation in the cost function is shown relative to the value
of the cost function at the optimal value.

JRelative =
Jvariedparam
Joptimalparam

(4.42)
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Figure 4.10: Variation in the relative cost function with variation in EastdSCR
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Figure 4.11: Variation in the relative cost function with variation in Easlow
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Figure 4.12: Variation in the relative cost function with variation in Eaox

From the sensitivity analysis one can see the three parameters which can be further tuned. This
analysis can also be used to determine the minimum number of parameters which can be tuned.
Although we perform a sensitivity analysis, the tuning of the parameters is not performed as a part
of this thesis and has been left for future applications.

Computational time

The 3-cell model was extended to 20-cells and the time required to run the model was calculated
through MATLAB using the profiler option. The JM 20-cell SCR model was then run in MATLAB
and the time required to run that was also calculated using the profiler. The JM kinetic model was
then reduced to just 3-cells and the time required to run was checked. Both the models were given
CSF out emissions for three consecutive WHTC cycles as the feed.
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After one cycle the engine is stopped for a period of ten minutes before the next cycle is started.
To account for this, the temperature of the SCR in the model was reset to the temperature of the
real SCR system just before the second cycle was started. As already mentioned in earlier sections,
a single WHTC cycle is run for a period of 1800 s. The total run time for the three cycles is thus
5400 s. Table 4.4 gives the time required to run all the 4 cases. The simulations were run on a
laptop equipped with 8 gigabytes of DDR3 RAM and an i7 Intel processor with a clockspeed of 2.3
GHz and 4 cores.

Table 4.4: Computational time required to run both the models

Model Cells Total time [s] Simulation time/ real time second

JM 20 1797.298 0.33

Mean value SCR model 20 47.724 0.00883

JM 3 489.6 0.0906

Mean value SCR model 3 6.216 0.00115

From the above table it can be seen that although the 3-cell SCR model was extended to 20-
cells, the time required to run is still significantly shorter compared to the detailed kinetic model
provided by JM. The model takes lesser time to run while capturing most of the dynamics of the
real SCR system which was one of the goals behind building the model. The model was built
keeping in mind applicability for control applications. In modern ECUs, the calculations are done
in real-time and thus the model of the SCR system needs to be quick in performing calculations.

Figure 4.13 shows a comparison between the JM 20-cell model, mean-value 20 cell model and
engine bench.
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Figure 4.13: JM 20 cell SCR model vs mean-value 20 cell model

From figure 4.13 shown above, it can be seen that although the 20 cell model was run with
parameters estimated for a 3-cell model, it still shows better agreement with the engine bench
compared to the JM 20 cell model. As mentioned in an earlier section, the JM 20 cell model is a
very detailed kinetic model which takes into account most of the reactions that can occur in an SCR
system along with various mass transfer relations. Despite the complexity of the JM 20 cell model it
does not capture the behaviour of the real SCR system compared to the mean-value 20 cell model.
It can be said with certainty that with a good set of parameters, the mean-value 20 cell model can
correlate even better with the real SCR system. Thus in this case, the complexity of the model
plays no role in determining the agreement with the real system. However, a more complex model
will definitely help analyze the presence of other chemical species which are of interest, primarily
N2O produced as a by-product of other side reactions.
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4.4 Model validation

Once a set of parameters were obtained, the SCR model was validated with different sets of engine
bench data for the WHTC cycle. The figure 4.14 and 4.15 shows the goodness of fit between the
three cell SCR model and the engine bench data for flat ANR dosing of 1.2 for the WHTC cycle
with a catalyst volume of 7.1 litres. Figure 4.14 shows the comparison of SCR out NOX for the
engine bench and the 3 cell SCR model. Figure 4.15 shows the comparison of SCR out NH3 for the
engine bench and the 3 cell SCR model.
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Figure 4.14: SCR out NOX comparison between 3 cell model and engine bench for the WHTC cycle.
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Figure 4.15: SCR out NH3 comparison between 3 cell model and engine bench for the WHTC cycle.

The correlation between the model and the engine bench data is not perfect due to the following
reasons: 1. The test was performed on a fresh catalyst on the engine bench whereas the model
parameters were identified for an aged catalyst. 2. The model contains several simplifications.
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5
Control strategies

The control strategy adopted is based on the one found in [21]. This model based control strategy
consists of a model of an SCR system along with an inversion of that model. An inversion consists
of a part of the SCR model which utilizes the equations modelled to back calculate the amount of
urea to be injected to maintain a certain set point for NH3 slip or NOX/NH3 ratio.

A schematic diagram of the model along with the inversion is shown below:

Figure 5.1: Schematic diagram of the feedforward controller

As mentioned above the control strategy developed is implemented offline. Measured engine
out NOX is fed to the feedforward controller. The amount of AdBlue to be injected is calculated
from the moles of NH3 given by the controller as the output. The AdBlue dosing profile is then
tested on the engine bench for the same engine out NOX.

5.1 Control strategy to maintain constant ammonia slip

The control strategy to maintain a constant NH3 slip is implemented through an inversion of the
3-cell model.

A brief methodology on performing an inversion for a 3-cell model is shown below:
Before carrying out the inversion for the 3-cell model, the equations to calculate the concentra-

tions of NH3, NO and NO2 are simplified by replacing a few terms by constants. This is done to
gain a better understanding of the inversion only.

Equation 3.13 and 3.16 can be used to obtain the following constants:

k1 =
(NCell
ε.Vc

)

(
Rex,gas

Pamb
).(NCell

ε.Vc
).ṁexgas.Tcell1 + kads.Cs.(1− θ)

(5.1)

k2 =
rdes

(
Rex,gas

Pamb
).(NCell

ε.Vc
).ṁexgas.Tcell1 + kads.Cs.(1− θ)

(5.2)
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k3 =
(
Rex,gas

Pamb
).(NCell

ε.Vc
).ṁexgas.Tcell1

(
Rex,gas

Pamb
).(NCell

ε.Vc
).ṁexgas.Tcell2 + kads.Cs.(1− θ)

(5.3)

k4 =
rdes,cell2

(
Rex,gas

Pamb
).(NCell

ε.Vc
).ṁexgas.Tcell2 + kads.Cs.(1− θ)

(5.4)

The same can be extended to the concentration equation in the third cell of the model.

k5 =
(
Rex,gas

Pamb
).(NCell

ε.Vc
).ṁexgas.Tcell2

(
Rex,gas

Pamb
).(NCell

ε.Vc
).ṁexgas.Tcell3 + kads.Cs.(1− θ)

(5.5)

k6 =
rdes,cell3

(
Rex,gas

Pamb
).(NCell

ε.Vc
).ṁexgas.Tcell3 + kads.Cs.(1− θ)

(5.6)

The concentration equations for the three cells can now be written as follows:

CNH3,1 = k1.ṅNH3in
+ k2 (5.7)

CNH3,2 = k3.CNH3,1 + k4 (5.8)

CNH3,3 = k5.CNH3,2 + k6 (5.9)

As mentioned earlier, the inversion is a method of working backwards to calculate the amount
of NH3 to be injected. In this case we will work backwards to calculate ṅNH3,in

.
Substituting equation 4.8 in equation 4.9, we obtain the following:

CNH3,3 = k5.(k3.CNH3,1 + k4) + k6 (5.10)

Substituting for CNH3,1
in equation in 4.10 we get,

CNH3,3 = k5.(k3.(k1.ṅNH3in
+ k2) + k4) + k6 (5.11)

Consider 1 mole of exhaust gas. The volume of 1 mole of exhaust gas at NTP can be obtained
through the ideal gas relation. The volume of exhaust gas about to exit the SCR which in our case
is the volume of exhaust gas about to exit the third cell needs to be calculated. This can be found
through the combined gas law as shown below:

Pamb.Vcell3
Tcell3

=
PNTP .VNTP

TNTP
(5.12)

We express the VCell3 as,

Vcell3 =
1

Z
=
PNTP .VNTP .Tcell3

TNTP .Pamb
(5.13)

where Z is a constant used to simplify the expression which will be used in the inversion equation.
We express the concentration of NH3 leaving the last cell as CNH3,desired

which is taken in ppm.
One million parts corresponds to the number of moles of exhaust gas in the convertor. Hence
CNH3,desired

ppm of NH3 corresponds to

CNH3desired
.10−6 =

ṅNH3

ṅexgas
(5.14)

Dividing equation 4.14 with 4.13 gives the concentration of NH3 leaving the third cell with
respect to the total moles of exhaust gas leaving the convertor. This can be shown as,

CNH3,3 =
CNH3desired

.10−6

Vcell3
(5.15)
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Thus,
CNH3,3 = CNH3desired

.10−6.Z (5.16)

Thus equation 4.11 can be rewritten as,

ṅNH3
=
CNH3desired

.10−6.Z − k6 − k5.k4 − k5.k3.k2
k5.k1.k3

(5.17)

5.2 Control strategy to maintain a constant NOX/NH3 ratio

The control strategy to maintain a constant NOX/NH3 ratio is implemented through an inversion
of the 3-cell SCR model as well.

The procedure to implement a feedforward controller to maintain a constant NOX/NH3 ratio
can be done in a way similar to the one shown for the constant slip controller shown in the previous
section.

We take a ratio Rdesired which can be expressed as,

Rdesired =
CNOX

CNH3

(5.18)

If we desire a constant NOX/NH3 ratio the amount of NH3 thats needs to be injected can be
expressed as,

ṅNH3
=

CNO
X
,cell3

Rdesired
− k6 − k5.k4 − k5.k3.k2
k5.k1.k3

(5.19)
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6
Results and discussion

This section will present the results from the engine bench for the various control strategies tested.
The dosing profile is generated offline. This gives the urea dosing in g/min sampled at 2 Hz.
The tests were carried out on a fresh extruded vanadia based catalyst volume of 11L. The test
setup layout is shown in Figure 6.1. T1 to T4 are thermocouples that measure the exhaust gas
temperature at various points. R1 to R4 are sampling points for measuring the concentration of
various gas species in the exhaust gas. At point R3 which is at the outlet of SCR NO, NO2,
N2O and NH3 concentration is measured. At point R4 which is after the ASC all the emissions
are measured. The dimension of the various catalysts used in the exhaust line is shown in Table 6.1.

Figure 6.1: Layout of the test setup at the engine bench.

Table 6.1: Catalyst dimensions

Sl no Catalyst Dimension

1 DOC 12”x6”

2 CSF 12”x10.5”

3 SCR 10.5”x4”(x2 pcs single leg)

4 ASC 10.5”x2”(x2 pcs single leg)

A range of control strategies from 10 ppm ammonia slip to 200 ppm ammonia slip for a constant
slip controller were tested. Control strategies ranged from a ratio of 1.2 to 5 for the constant NOX

to NH3 ratio controller.

It was found the best results were obtained for the 100 ppm slip controller. The ratio controller
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had low slip but the NOX conversion was not satisfactory.

The engine out and tailpipe emissions are measured during during the ’baseline’ test where no
urea is dosed. The tail pipe values are used to get the NO2/NOX ratio into the SCR. This is under
the assumption that there are no further reactions on the SCR or ASC. These measurements serve
as the input feed to the controller. The controller is run offline for a set strategy and the dosing
profile is obtained at a frequency of 10 Hz.

The dosing profile generated from the controller is fed to the dosing control unit during the en-
gine test. The post SCR NOX and NH3 are measured to determine the performance of the controller.

1. Control strategies for a fresh 11.4L 300 cpsi extruded vanadia catalyst :

A number of control strategies were tested on the engine bench for a 11L catalyst. Table 6.2
summarises the different control strategies tested.

Before the injection of AdBlue for the WHTC cycle a conditioning test and a WHTC cycle
with no AdBlue is run. The conditioning test is carried out before each set of control strategies
to remove any residual NH3 that would interfere with the SCR reactions. The conditioning
test consists of feeding exhaust gas at a flow rate of 1600 kg/h at 400 ◦C for an hour. Upon
completion of the conditioning test a WHTC run without any ammonia injection is run. The
temperature of the SCR after the conditioning test is high. In order to reduce the temper-
ature of the SCR to working temperatures a WHTC cycle is run without any ammonia dosing.

In all the control strategies the minimum dosing temperature in the controller is set at 175 ◦C
as against a standard of 170 ◦C used in the flat ANR dosing. The additional 5 degrees acts
as a safety margin for the controller during dosing. A minimum torque and minimum speed
constraint is also placed on the dosing. The minimum torque limit is 50 Nm and the engine
speed is 800 RPM. To summarize the dosing is stopped when any of these constraints are not
met.

Henceforth all strategies named 20.1,21.1 ... so on refer to the first WHTC cycle where the
catalyst is empty. 20.2,21.2... refer to the second WHTC cycle and finally 20.3,21.3 refers to
the third WHTC cycle. The dosing profile for the first cycle is different from the second cycle
as the catalyst is empty in the first cycle. Whereas for the second cycle the ammonia storage
is carried over. There is a soak period of 10 minutes at the end of each WHTC cycle where
there is no flow of exhaust gas through the catalyst.

Subscript 1,2,3 and 4 for the 100 PPM slip control denote different dosing profiles. The
differences between the different subscripts are found in Table 6.3.

(a) Control strategies 28.2 100 PPM3 This is a constant slip control strategy that tar-
gets a constant slip of 100 PPM slip. The results will be presented for the WHTC cycle
in different figures given below.

Figure 6.2 shows the comparison of the NOX input to the SCR and the SCR out NOX

between the model and the engine bench for the third WHTC cycle. The model captures
the dynamics pretty well. The conversion efficiency is 91.8% for the third WHTC cycle.

Figure 6.3 shows the SCR out ammonia slip from the engine bench and the model. The
plot also shows ammonia slip after the ASC and the SCR brick temperature is plotted
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Figure 6.2: Comparison of NOX in and out of the SCR for 100PPM3 controller between model and
engine bench for the third WHTC cycle. NOX conversion : 91.8%

against time on the secondary y-axis. The controller tries to maintain a constant slip of
100 ppm whereas the ammonia slip on the engine bench does not correlate to the model
very well. The peak ammonia slip downsteam of the SCR is 198 ppm and the peak slip
after the ASC is 52 ppm. In order to draw a comparison between flat dosing and the
controller the slip from the engine bench for ANR of 1.2 and 1.4 is also included in the
same figure. It is clear that the controller reduces the slip drastically compared to the
flat ANR. The reasons for discrepancy between slip on the engine bench and model is
due to the fact that the 3 cell model was tuned to another model which is not perfect.
Secondly the catalyst tested on the engine is a fresh catalyst whereas the model param-
eters are identified for an aged catalyst.
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Figure 6.3: Comparson of SCR out ammonia slip between 100 PPM3 controller, flat ANR 1.2 and 1.4
for the third WHTC cycle. Controller actual ANR : 0.99
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Figure 6.4 shows the dosing profile generated by the controller and also the SCR tem-
perature on the secondary y-axis. The standard control problem in an SCR system is
during a sharp temperature rise. During a very sharp rise the ammonia that is adsorbed
on the surface of the catalyst desorbs and comes out as ammonia slip. From Figure 6.4
it can be seen that the dosing is cut off during a very sharp temperature rise. Such a
strategy helps to control the slip during temperature ramps.
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Figure 6.4: Dosing profile, temperature for 100 PPM3 controller for third WHTC cycle.

Figure 6.5 can be used to further understand the principle behind the working of the
controller. It can be seen in the figure that the dosing can be carried out at very high
ANR. The controller tries to load the catalyst with a lot of ammonia at favorable temper-
atures. At other times when the conditions are not suitable, such as sharp temperature
rise the dosing is either very low or completely cut off. The lower ANR dosing can be
seen in the zoomed in section in the same figure.

Figure 6.5: ANR for 100 PPM3 controller for third WHTC cycle.

Figure 6.6 shows the average ammonia fill level in the SCR for first and the second
WHTC cycle. It can be seen that at the beginning of the second cycle the fill level is
higher when compared to the first cycle, this results in a higher NOX conversion. After
a while it is seen that the fill level overlaps, from here on a similar NOX conversion can
be expected for both the cycles.
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Figure 6.6: Ammonia storage level in the SCR for the first and second WHTC cycle.

(b) Control strategy 26.2 NOX to ammonia ratio 1.2 :
This strategy maintains a constant NOX to ammonia ratio out of the SCR. The moti-
vation for using such a controller is to have a trade-off between NOX coming out of the
SCR and ammonia slip. The slip controller just considers the ammonia slip whereas the
ratio controller considers both the NOX and ammonia slip. When using the parameters
identified to the detailed model, the performance of this controller is not too satisfactory.
This is because there is no good correlation of the SCR out NOX between the model and
the engine bench. The model over predicts the SCR out NOX. The SCR out ammonia
slip is under very good control. The model tries to maintain the ratio but on the engine
bench this ratio is not maintained. The controller performance can be analysed from
the plots shown below.

Figure 6.7 shows the SCR out ammonia slip in the model and engine bench. The plot
also shows engine bench ASC out ammonia slip. Peak SCR out ammonia slip is 33 ppm
and the average slip is 4 ppm. This strategy has very low slip but this comes at a cost of
poor NOX conversion. With better parameters the ratio controller could perform better.
For instantance using the parameters used in strategy 28.1 could yield better results as
those parameters are tuned to the engine bench.

Figure 6.8 shows the ANR at different points in the WHTC cycle. Comparing 6.8 to
Figure 6.5 it can be seen that the ANR for the ratio controller is much lower than the slip
controller. This justifies the lower NOX conversion of the ratio controller when compared
to the slip controller.

Figure 6.9 shows that the controller tries to maintain a ratio of 1.2 where ever possible.
In the engine bench this ratio is not achieved as the model does not correlate to the
engine bench very well.
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Figure 6.7: Ammonia slip out of the SCR and ASC for Ratio 1.2 controller between model and engine
bench for the third WHTC cycle. Average ANR : 0.92

Figure 6.8: ANR for 1.2 Ratio controller for third WHTC cycle.

6.0.1 Comparsion of results

This section will compare the results of controller with the flat dosing strategy. The cumulative
NOX in grams and ammonia slip in grams for the first cycle and third cycle of WHTC are used for
comparing. Maximum benefit is obtained in the first cycle of the WHTC while using the controller.

Figure 6.10 shows the cumulative NOX in grams for the various control strategies during the
first WHTC cycle. The 100 PPM3 achieves 23.8 % higher NOX conversion than a flat ANR 1.4 and
27.5 % higher NOX conversion than a flat ANR of 1.2. The 100 PPM1 achieves 19 % higher NOX

conversion than a flat ANR of 1.4 and 22.8 % higher NOX conversion than a flat ANR of 1.2. The
ratio controller does not improve the NOX conversion. The NOX conversion drops by 6.5 % when
compared to flat ANR of 1.2 and by 11.7 % when compared to a flat ANR of 1.4. It can be seen
here that the increase in the NOX conversion using the slip control strategy is quite significant for
the first WHTC cycle.

The benefits are reduced during the second WHTC cycle in terms of NOX conversion. During
the third cycle the 100 PPM3 achieves 13.8 % higher NOX conversion than a flat ANR 1.2 and 7
% higher NOX conversion than a flat ANR of 1.4. The 100 PPM1 achieves 22.3 % higher NOX

conversion than a flat ANR of 1.2 and 16.2 % higher NOX conversion than a flat ANR of 1.4. The
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Figure 6.9: SCR out NOX to ammonia ratio for a ratio 1.2 controller.
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Figure 6.10: Cumulative SCR out NOX in grams for the various strategies for the first WHTC cycle.

ratio controller once again has a lower NOX conversion than the flat dosing. The NOX conversion
is 13.5 % lower compared to flat ANR of 1.2 and 22.5 % lower compared to flat ANR of 1.4.

With a control strategy the maximum benefit is seen with the ammonia slip. For the first
WHTC cycle 100 PPM1 reduces the slip by 70 % compared to a flat dosing of ANR 1.4 and 43.7
% less slip compared to a flat ANR of 1.2. The ratio controller barely has any slip. Using the ratio
controller the slip is reduced by 97.3 % compared to a flat ANR of 1.4 and by 95 % compared to a
flat ANR of 1.2. The results of the cumulative NH3 slip in grams can be seen in Figure 6.13.

For the third WHTC cycle both the 100 PPM1 and 100 PPM3 reduce the slip by 67.8 %
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Figure 6.11: Cumulative SCR out NOX in grams for the various strategies for the third WHTC cycle.
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Figure 6.12: Cumulative SCR out NH3 in grams for the various strategies for the first WHTC cycle.

compared to a flat dosing of ANR 1.4 and 40.7 % less slip compared to a flat ANR of 1.2. The
ratio controller barely has any slip. Using the ratio controller the slip is reduced by 95 % compared
to a flat ANR of 1.4 and by 92.8 % compared to a flat ANR of 1.2. The results of the cumulative
NH3 slip in grams can be seen in Figure 6.13.
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Figure 6.13: Cumulative SCR out NH3 in grams for the various strategies for the third WHTC cycle.
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Table 6.2: Summary of the various control strategies tested on a 11L fresh catalyst

Strategy Control NOX Avg NH3 Actual Peak NH3 NOX out NOX out

No Strategy conversion [%] slip[ppm] ANR slip[ppm] engine [g/kWh] tp [g/kWh]

20.1 100 PPM1 87.9 14 1.09 75 5.671 0.686

20.2 100 PPM1 91.8 12 1.07 72 5.656 0.466

20.2 100 PPM1 92.5 15 1.08 91 5.607 0.422

21.1 100 PPM2 89.1 21 1.17 166 5.640 0.612

21.2 100 PPM2 92.5 15 1.07 185 5.603 0.423

21.2 100 PPM2 92.2 18 1.04 195 5.694 0.447

22.1 Ratio 2.5 82.0 3 0.87 19 5.692 1.026

22.2 Ratio 2.5 83.3 3 0.88 24 5.635 0.943

22.2 Ratio 2.5 84.1 4 0.88 35 5.641 0.896

23.1 ANR 1.2 84.1 12 1.03 149 5.694 0.905

23.1 ANR 1.2 90.7 16 1.04 168 5.662 0.528

23.1 ANR 1.2 90.4 16 1.03 167 5.702 0.546

24.1 200 PPM 89.3 31 1.28 161 5.698 0.610

24.2 200 PPM 92.8 38 1.26 194 5.683 0.407

24.2 200 PPM 92.8 46 1.26 239 5.683 0.410

25.1 Ratio 5 83.1 1 0.84 7 5.688 0.962

25.2 Ratio 5 84.0 2 0.85 17 5.643 0.901

25.2 Ratio 5 81.8 2 0.83 10 5.702 1.036

26.1 Ratio 1.2 83.5 2 0.92 15 5.672 0.937

26.2 Ratio 1.2 84.4 3 0.92 26 5.669 0.883

26.2 Ratio 1.2 86.2 4 0.92 43 5.683 0.786

27.1 50 PPM 86.9 5 0.97 27 5.659 0.742

27.2 50 PPM 88.7 6 0.96 30 5.650 0.636

27.2 50 PPM 89.5 9 0.96 47 5.670 0.596

28.1 100 PPM3 89.0 8 1.06 49 5.679 0.626

28.2 100 PPM3 91.9 7 0.99 44 5.713 0.464

28.2 100 PPM3 91.8 9 0.99 52 5.713 0.471

29.1 100 PPM4 87.8 21 1.13 108 5.696 0.693

29.2 100 PPM4 90.9 12 1 66 5.678 0.516

29.2 100 PPM4 91.1 16 1.01 86 5.676 0.505

30.1 150 PPM 86.8 19 1.18 99 5.689 0.749

30.2 150 PPM 92.1 29 1.16 167 5.696 0.448

30.2 150 PPM 92.4 37 1.17 185 5.718 0.436

31.1 ANR 1.4 85.5 26 1.2 246 5.732 0.834

31.1 ANR 1.4 91.3 33 1.2 288 5.731 0.497

31.1 ANR 1.4 91.3 35 1.2 293 5.710 0.499

32.1 ANR 1.1 83.1 8 0.94 104 5.766 0.975

32.1 ANR 1.1 89.0 10 0.94 125 5.754 0.632

32.1 ANR 1.1 89.2 11 0.95 129 5.715 0.615
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Table 6.3: Summary of the various control strategies tested on a 11L fresh catalyst

Control Strategy Definition

100 PPM1 Parameters identified to the detailed kinetic model

100 PPM2 Dosing profile from 600 cpsi with a scaled value of capacity

100 PPM3 Parameters tuned from data obtained from fresh catalyst on engine bench

100 PPM4 Dosing profile from 600 cpsi with a scaled value of capacity with a manually tuned profile
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7
Conclusions

Based on the thesis carried out and the results obtained, the following conclusions can be drawn:

� The NOX conversion of the constant slip controller relative to the flat dosing strategy is sig-
nificantly higher as observed in the results obtained. The best performing dosing strategy
among the dosing strategies tested is the 100 PPM3 controller. From Table 6.2 it can be
observed that the 100 PPM3 slip controller uses less urea and achieves a higher NOX conver-
sion compared to the flat dosing strategies. The NH3 slip is reduced drastically by using the
constant slip controller.

� It can be observed from Figure 6.3 that although the controller maintains the NH3 slip at the
setpoint, the NH3 slip in the real system is not the same.Since the controller implemented
is an open loop controller, the model needs to be very accurate. With better experiments,
better parameters can be obtained and the performance of the controller can be significantly
improved.

� Although the model of the SCR developed during this thesis was for an extruded vanadia
formulation, the SCR model can be easily applied to other catalyst formulations e.g. Copper-
Zeolite. This would however require that tests be conducted on the chosen formulations to
identify the significant chemical kinetics. The model offers flexibility to model additional
reactions or remove unnecessary reaction kinetics.

� Best results are obtained when the model is calibrated to engine bench data. However, good
measurements are essential.

� The performance of the ratio controller developed was not satisfactory. The main reason for
this was poor NOX predictions from the SCR model. With better predictions, the performance
of the ratio controller can be expected to improve.

� The controller is simple enough to be implemented on an ECU.
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8
Recommendations and future work

The thesis work carried out has a lot of potential and can be improved upon. Using the control-
oriented model of the SCR, various online control strategies can be implemented. In order to realise
the potential, a few recommendations are made.

8.1 Parameter estimation

In this thesis, the Johnson Matthey kinetic model was used as a virtual gas bench. Although this
provided flexibility and reduced the time taken to carry out experiments a better way to obtain
measurement data would be through a real gas bench. Also when calibrating to the engine bench
a good set of measurements are needed. In the case of the calibration carried out in this thesis, the
SCR inlet temperature measurement was inaccurate. The temperature of the SCR inlet was ob-
tained through a model for heat losses through the exhaust pipe. However there were assumptions
regarding the initial temperature of the pipe.

The temperature of the SCR plays a significant role in affecting the reaction kinetics of the
SCR. For e.g. if the temperature of the SCR rises earlier compared to the real system, the NH3

adsorbed on the catalyst desorbs earlier. This in turn causes the NOX from the SCR to increase
as the NOX conversion decreases. The temperature model of the SCR presented in this thesis was
modelled based on a few assumptions. It can be noticed that the heat losses in the SCR of the real
system are higher compared to the model. Thus, modelling additional heat losses through the SCR
can also improve the NOX and NH3 predictions from the model.

In addition to the above mentioned methods it needs to be ensured that any correlation between
the parameters is reduced. This can be done through parameter pre-treatment methods such as
scaling and centering. For e.g. in the rate equation for the desorption, the value of the rate constant
and the value of activation energy are multiplied by one another. In this case, the optimization
routine might try to increase the value of one parameter and reduce that of another to obtain an
optimum.

8.2 Online controller implementation

The control-oriented model of the SCR along with the inversion can be implemented online by using
a rapid control prototyping system for e.g. dSPACE. The controller can be tested offline and also
on the acual system itself. The block diagrams built in simulink can be implemented on the rapid
control prototyping system and tested in real time. Such systems behave as an ECU prototype.
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However, implementing the feedforward controller online has some limitations. These limitations
are:

� Using a feedforward controller to accurately dose the AdBlue requires a very accurate model.
In a case where the model deviates considerably from the real system, the performance of the
controller will be very poor.

� The performance of the controller during real world operation can be affected by catalyst
aging. Once the catalyst ages, the NH3 storage capacity of the catalyst decreases. If the
feedforward controller doses the same amount of AdBlue as it would on a fresh catalyst, there
can be very high NH3 slip.

� In a case where diesel with high sulfur content is used, the SCR can be poisoned by sulfur.
This reduces the performance of the SCR catalyst.

� Implementing a complex model online places a significant computational demand on the ECU.
The model of the SCR needs to be fast and simple while capturing the essential reaction
mechanisms.

A solution to deal with these limitations would be to implement a control strategy with feed-
back. One way to use feedback in the control strategy would be to use a simple PI element. The
feedback signal used can be from a downstream NOX sensor. The controller input in this case would
be the error between the predicted NOX from the model and the sensor signal. The output from
the feedback controller is then used to modify the dosing obtained from the feedforward controller.
The use of a feedback controller also ensures that the system is robust to variations in the system.

More advanced feedback control strategies use state-feedback which can also be used effectively
for transient operation. In case of a state-feedback control strategy, the surface coverage θ or the
AdBlue dosing can be the controller variable. A NH3 sensor or a NOX sensor is usually used for
this purpose. The feedback signal used is the measured NH3 from the NH3 sensor or the measured
NOX from the NOX sensor. The surface coverage is a quantity that changes with time and is taken
as a state in the SCR model. The other states in the SCR model include the concentrations of NO,
NO2 and the temperature.

Any changes in the values of the states at any particular time are corrected using the feedback
from the sensors. However θ cannot be measured and is calculated in the model based on any
corrections in the concentrations of NOX or NH3 downstream. This way, good performance of the
controller can be ensured even during transient operation. However, most commercially available
NOX sensors are cross-sensitive to NH3. The system thus needs to be robust to account for the
cross-sensitivity. The cross-sensitivity can be dealt with through signal processing means or by
using a mid-brick NH3 sensor [47]. Dealing with the cross-sensitivity is important as it can induce
instability in the feedback loop otherwise.

Controlling the NH3 surface coverage can provide an ideal combination of low NH3 slip and
high NOX conversion. However the storage dynamics of the catalyst plays an important role. If
the storage capacity of the catalyst is really high e.g. in case of Cu-Zeolite, then the dosing system
would tend to load the catalyst with a lot of urea. In case of a sharp temperature rise, the stored
NH3 will desorb and this can lead to a large NH3 slip. Thus, placing a limit on the amount of NH3

that can be stored at low temperatures is necessary.

An improvement that can be made to the dosing strategy would be to use the temperature
information after the turbocharger turbine. Knowing the temperature at the turbine, the dosing
can be cut down sooner as the information on the temperature rise is available much before. In the
dosing strategy implemented in this thesis, the temperature information at the inlet of the SCR is
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utilized to adjust the dosing and place constraints.

To further improvise the constant slip controller, a model of the ammonia slip catalyst can be
included. The constant slip controller can be used to maintain a constant NH3 slip at the outlet of
the ammonia slip catalyst. This way, the controller can have a provision to dose even more AdBlue
and achieve a higher NOX conversion.
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