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Abstract
Interest in utilizing advanced lean-burn gasoline and diesel engines has
increased in the last decades due to their reduced greenhouse gas emissions and
increased fuel economy. One impediment to the increasing use of these engines,
however, is the need to develop corresponding catalytic systems for controlling
pollutant emissions. In particular, although still far from the fuel neutral United
States (US) approach, European (EU) legislation limits for Nitrogen Oxides (NOx)
emissions are becoming more and more severe and also type approval procedures
are going to radically change with the introduction of Worldwide harmonized Light
vehicles Test Cycle (WLTC) and Real Driving Emission (RDE) tests. Considering
that test bench and chassis dyno experimental campaigns are costly and require a
vast use of resources for the generation of data; therefore, reliable and
computationally efficient simulation models are essential in order to identify the
most promising technology mix to satisfy emission regulations and fully exploit
advantages of diesel and lean-burn gasoline when minimizing the side effect of their
emissions. Therefore, the aim of this work is to develop reliable models of the
individual aftertreatment components and to calibrate the kinetic parameters based
on experimental measurements which can be further used as a virtual test rig to
evaluate the effectiveness of each technology in terms of reducing pollutant
emissions.
In the current work, a brief introduction regarding the passenger car emissions,
regulations and control technologies, including in-cylinder control techniques and
aftertreatment systems, is provided in Chapter 1. In addition, simulation modelling
approaches for aftertreatment applications are discussed. More details about
specific aftertreatment components are discussed in the next chapters. As an
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example, the modeling of a Selective Catalytic Reduction coated on Filter (SCRF), on the basis of Synthetic Gas Bench (SGB) reactor data is presented in Chapter
2; focusing, in particular, on estimation of ammonia storage capacity, NOx
conversion and soot reduction due to passive regeneration. LNT is analyzed in
Chapter 3, focusing on the reactor-scale Synthetic Gas Bench (SGB) experiments
and calibration of the 1D simulation model for two case studies with the aim to
characterize Oxygen Storage Capacity (OSC), NOx Storage and Reduction (NSR)
and light-off. The calibrated 1D simulation model is thereafter validated, in Chapter
4, for one of the case studies using engine-out emissions, mass flowrate and
temperature traces over Worldwide harmonized Light vehicles Test Cycle (WLTC)
as the boundary condition for the inlet of LNT for full-size component. Afterwards,
the LNT model calibrated in Chapter 3 is, in Chapter 5, further reduced and
linearized with reasonable assumptions to be used as a plant-model with very low
computational requirement and in real time applications such as Electronic Control
Unit (ECU)/ Hardware-in-the-Loop (HiL) systems. Finally, after discussing NOx
control systems in previous chapters, modeling of Diesel Oxidation Catalyst
(DOC), which plays a fundamental role not only for the CO and HC conversion,
but also for promoting the oxidation of NO into NO2, is discussed in Chapter 6.
It is worth noting that depending on the complexity of the kinetic model,
different optimization tools are implemented for the calibration; as an example,
Brent method is used for calibration of SCR-F kinetic model, likewise, Genetic
Algorithm (GA) is used for the calibration of the DOC kinetic parameters; however,
for more complex kinetic schemes like LNT both manual and automatic
optimization is required to evaluate the most suitable reaction pathways and kinetic
parameters.
Accordingly, after development of the kinetic model for each aftertreatment
component and validation of the full-scale model, further investigations could be
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devoted to combining the models in order to simulate the whole aftertreatment
system and assess the performance over different driving cycles.
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∆𝐺

Change in Gibbs free energy

Δ𝐻𝑗

Enthalpy of reaction j [J/mole]

∆𝑡

Time step [s]

𝛿𝑐

Effective thickness of washcoat [m]

𝛿𝑤

Effective thickness of wall [m]

𝜀

Void fraction of the reactor

Θi

Active site expression for reaction i

𝜃 𝑒𝑞

Equilibrium coverage

𝜃𝑘

Coverage of site k

𝜆𝑓

Thermal conductivity of the bulk gas [W/(m.K)]

𝜆𝑤

Thermal conductivity of the wall [W/(m.K)]

𝜌𝑓

Gas phase density [kg/m3]

𝜌𝑓

Wall density [kg/m3]

𝑐𝑎𝑝
Ψ𝑁𝑂
𝑥

NOx storage capacity

𝐴𝑖

Pre-exponent multiplier of Arrhenius function for reaction 𝑖

𝐶0

Total molar concentration [mole/m3]
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𝐶𝑖

Concentration of species 𝑖 [mole/m3]

𝐶𝑚𝑒𝑎𝑠,𝑖

Concentration of species 𝑖 from measurement [mole/m3]

𝐶𝑠

Active site density per reactor volume [moleactive site/m3]

𝐶𝑠𝑖𝑚,𝑖

Concentration of species 𝑖 from simulation [mole/m3]

𝐶𝑝𝑓

Heat capacity of fluid (gas) [J/(kg.K)]

𝐶𝑝𝑤

Heat capacity of wall [J/(kg.K)]

𝐷ℎ

Hydraulic diameter of the channel [m]

𝐷𝑠

Effective diffusivity of a species in washcoat [m2/s]

𝑑𝑥

Sub-volumes length [m]

𝐸𝑎,𝑖

Activation energy of Arrhenius function for reaction i [J/mole]

𝐹𝑜𝑏𝑗

Objective function

𝐺

Inhibition term

ℎ

Convection heat transfer coefficient [W/(m2.K)]

𝐼𝑖

Inhibition function for reaction 𝑖

𝑓

Friction factor

𝐾𝑒𝑞,𝑁𝑂

Equilibrium constant of NO oxidation reaction

𝐾𝑒𝑞,𝑊𝐺𝑆

Equilibrium constant of water gas shift reaction

𝑘𝑖

Kinetic constant of reaction 𝑖

𝑘𝑚𝑒

External mass transfer coefficient [m/s]

𝑀𝑤

Molecular mass [g/mole]

𝑁𝑢

Nusselt number
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𝑛𝑖,𝑠𝑡𝑜𝑟𝑒𝑑

Number of stored moles of species 𝑖 [mole]

𝑛̇ 𝑖 ,𝑖𝑛

Inlet molar flow rate of species 𝑖 [mole]

𝑛̇ 𝑖,𝑜𝑢𝑡

Outlet molar flow rate of species 𝑖 [mole]

𝑝

Pressure [Pa]

𝑃𝑒

Peclet number

𝑅

Universal gas constant [J/(mole.K)]

𝑅Ω

One fourth of the channel hydraulic diameter [m]

𝑟𝑗

Reaction rate of reaction 𝑗 or species 𝑗 [mole/(m3.s)]

𝑆

Surface area per reactor volume [1/m]

𝑆ℎ

Sherwood number

𝑇𝑓

Fluid (gas) phase temperature [K]

𝑇𝑆

Solid phase temperature [K]

𝑡

Time [s]

𝑢

Velocity [m/s]

𝑤

Weighting factor

𝑋𝑓𝑚

Species mole fraction vector in the bulk gas [mole/(moletot.m3)]

𝑋𝑤𝑐

Species mole fraction vector in the washcoat [mole/(moletot.m3)]

𝑥

Axial position [m]

𝑦

Length co-ordinate along washcoat direction
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Chapter 1
Introduction
1.1 Passenger car emissions and control technologies
Diesel engines utilization in passenger car applications is beneficial thanks to lower
greenhouse gas emissions and improved fuel economy; however, controlling the
pollutant emissions including CO, HC, Nitrogen Oxides (NOx) and Particulate
Matter (PM) becomes more challenging with the upcoming stringent emission
regulations. Therefore, advanced aftertreatment technologies and in-cylinder
control strategies, such as Exhaust Gas Recirculation (EGR) for NOx control, are
necessary in order to reduce the emissions below the limit defined by regulations
[1,2].
Moreover, type approval procedures are going to radically change with the
introduction of Worldwide harmonized Light vehicles Test Cycle (WLTC) and
Real Driving Emission (RDE) tests, expanding the emission relevant area to higher
loads and speeds, as shown Figure 1.

Figure 1. Emission Regulations and type-approval procedures [3]
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More in detail, differently from conventional gasoline engines, the emissions
of which are controlled by means of Three Way Catalysts (TWC), the lean
environment requires more complex and advanced aftertreatment systems in order
to clean diesel and lean-burn gasoline engines’ exhaust. In particular, the main
aftertreatment components which are generally used for emission control of diesel
engines can be listed as follows:
•

•

•

•

Diesel Oxidation Catalyst (DOC): consists of Platinum Group Metals
(PGM) to reduce CO and HC emissions [4] and to convert NO to NO2,
which is beneficial for downstream aftertreatment components [5]. DOC
can also contain trapping materials, as zeolites, which can trap HC at low
temperature, to subsequently release them after the light-off temperature has
been reached in order to improve cold start HC reduction efficiency [6–8].
Diesel Particulate Filter (DPF): used for the trapping of PM. It is worth
noting that PM accumulated on the filter needs to be periodically removed
by means of regeneration events to recover the filtering capacity of the DPF
[9–11].
Selective Catalytic Reduction (SCR): used for NOx emission reduction via
NH3 through SCR reactions over a wide temperature range. Ammonia is
provided to the system through urea injection into the exhaust line before
catalyst entrance [5,12], for active systems. Although, in passive SCR
systems NH3 produced as a by-product in upstream aftertreatment systems,
such as LNT, is used for NOx reduction in passive SCR [13].
Lean NOx Trap (LNT): used for NOx emission control through periodic
NOx adsorption and reduction which operate on the principle of lean/rich
cyclic processes [14–16]. The adsorption/desorption of NOx on the trapping
component, for instance BaO, during the lean phase results in the formation
of nitrates and nitrites on the catalyst surface. When the active trapping sites
are saturated, a short rich phase is started by injecting a reducing agent such
as H2, CO, or HC, by means of fuel post-injection.

It is worth mentioning that in order to comply with existing and future emission
regulations combinations of the abovementioned components can be implemented
such as using LNT upstream of an SCR coated on Filter (SCR-F), used for NOx and
PM reduction simultaneously [13,17,18]. Some aftertreatment architecture
examples are depicted in Figure 2.

Simulation approaches for modelling and calibration of
aftertreatment systems
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Figure 2. a) Coupled LNT and DPF; b) coupled DOC and SCR-F; c) Coupled DOC, DPF
and SCR [19]

1.2 Simulation approaches for modelling and calibration of
aftertreatment systems
Advanced engine and aftertreatment technologies in new generation automotive
applications have been developed with the aim of improvements in terms of fuel
economy and minimizing pollutant emissions. As a result, the attraction towards
using computationally efficient and at the same time reliable simulation tools in
automotive applications has been increasing over the last decades. Such models,
when calibrated, can be exploited for design and optimization purposes, control
strategies and sensitivity analysis of different parameters providing benefits in
terms of cost.

1.2.1 Simulation model assumptions
In particular, automotive application modelling approaches can be classified in
three main groups depending on the level of complexity of the system in terms of
kinetic, heat transfer and flow models, as illustrated in Figure 3.
1. White-box models:
Detailed 2D and 3D Computational Fluid Dynamics (CFD) models are used
to study complex phenomena taking into account the non-homogeneity of
flow and thermal field. In addition, in reactor analysis, detailed kinetic
models in convection-diffusion reaction systems are considered in order to
accurately evaluate all physical and chemical characteristics. Since
simplifications are avoided, on one hand, the model provides a high level of
accuracy; on the other hand, it includes a huge number of differential
equations and therefore it requires substantial computational power to be
solved. For this reason, these white-box models are mainly practical for
design purposes, geometry optimizations and offline analysis. Several
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examples of aftertreatment white-box modellings such as, DPF [20], SCR
[21,22] and LNT [23] applications are reported in literature.
2. Black-box models:
In this category, using linearized dynamics and more algebraic equations
provides the possibility to solve the system in real time applications for
control purposes with extremely low computational effort, such as the work
presented in [24]. However, it is noteworthy that in the case of strong
nonlinearity, such as having complex reaction kinetic mechanisms, the
model accuracy drops significantly.
3. Grey-box models:
Reduced 1D or 0D models and in particular simplified kinetics in the case
of reactor modelling result in an acceptable compromise between accuracy
and computational cost required for engine and aftertreatment applications
[25–27]. Grey-box models have been widely used in aftertreatment systems
[28], including SCR reactor modelling for control applications [29], DPF
soot loading and regeneration effect on engine performance [11].

Figure 3. Summary of simulation modelling approaches for engine and aftertreatment
systems

Considering the above-mentioned advantages of grey-box models in terms of
accuracy and Central Processing Unit (CPU) hours in aftertreatment applications,
in the present work the simulations were performed using grey-box model via
commercially available 1D CFD software, GT-SUITE, based on the following
assumptions:
•

Any non-homogeneity and non-uniformity of flow field and thermal field
in a defined cross-section is neglected.

Simulation approaches for modelling and calibration of
aftertreatment systems
•
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Only variations in the flow field direction along the catalyst length (x) are
considered, such that the catalyst brick is divided into several sub-volumes
with length dx, as shown in Figure 4.

Figure 4. Discretization of the component along the catalyst axis

•
•
•
•
•
•

Quasi-steady approximation can be applied, since the residence time of the
gas in the reactor compared to other time scales is short.
Global kinetic mechanism for the reactions is considered.
Since the reaction rates are controlled by external mass transfer (i.e., fluid
to wall) at high temperatures, a two-phase model (gas and solid phase) is
used.
Ideal gas equation is assumed for the gas phase.
Although GT-SUITE allows to model the washcoat pore diffusion, for the
sake of simplicity the washcoat pore diggusion resistance is neglected,
which can be lumped into kinetic parameters.
Since the transverse Peclet, defined as the ratio between bulk motion
(advective) transport over the diffusive transport, 𝑃𝑒 =

2
𝑢𝑅Ω

𝐿𝐷𝑓

, is smaller than

0.1 [30],fully-developed laminar flow through channels can be assumed.
Figure 5-a depicts a schematic view of typical components used in
aftertreatment modelling, while the GT-SUITE model interface is shown in Figure
5-b. The inlet condition can be either imposed, in stand-alone applications, or be
connected to an engine model. Pipes or flow junctions named as “flowsplits” are
implemented in order to connect the flow to the catalyst inlet and outlet. The
catalyst outlet parameters will be calculated according to the inlet condition,
governing reactions which are imposed through a reaction template and geometric
data entered into the catalyst brick.

Figure 5. Typical components used in aftertreatment modelling: (a) Schematic view, (b)
GT-SUITE model interface

32

Introduction

1.2.2 Model governing equations
The reactor modelling can be categorized in two main groups, as represented in
[29].
1. Heat and mass transport in the reactor (internal and external diffusion,
convection and conduction heat transfer)
2. Kinetics (chemical reactions)

Figure 6. Physical and chemical processes occurring in a monolith channel [29]: (a) cross
sectional view, (b) axial view

The main governing equations [16,29,31] are listed in the following sequence.
➢ Continuity equation, represented by Equation 1:
𝜕
(𝜌 𝑢) = 0
𝜕𝑥 𝑓

(1)

In which:
•
•
•

𝑥 is the axial position [m]
𝜌𝑓 is the gas phase density [kg/m3]
𝑢 is the velocity [m/s]

➢ Momentum equation, represented by Equation 2:
𝜀

𝜕𝑝
𝜕𝑢
1
+ 𝜀𝜌𝑓 𝑢
= −𝑆𝑓 𝜌𝑓 𝑢2
𝜕𝑥
𝜕𝑥
2

In which:
•
•
•
•

𝜀 is the void fraction of the reactor
𝑝 is pressure [Pa]
𝑆 is the surface area per reactor volume [1/m]
𝑓 is the friction factor

(2)
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➢ The solid phase and gas phase energy balances, Equation 3:
𝑛𝑟𝑐𝑡

𝜕𝑇𝑠
𝜕 2 𝑇𝑠
𝑆𝑜𝑙𝑖𝑑: 𝛿𝑤 𝜌𝑤 𝐶𝑝𝑤
= 𝛿𝑤 𝜆𝑤
+ ℎ(𝑇𝑓 − 𝑇𝑠 ) − 𝛿𝑐 ∑ Δ𝐻𝑗 𝑟𝑗
𝜕𝑡
𝜕𝑥 2
𝑗=1

𝜕𝑇𝑓
𝜕𝑇𝑓
ℎ
𝐺𝑎𝑠: 𝜌𝑓 𝐶𝑝𝑓
= −𝑢 𝜌𝑓 𝐶𝑝𝑓
−
(𝑇 − 𝑇𝑠 )
{
𝜕𝑡
𝜕𝑥 𝑅Ω 𝑓

(3)

In which:
•
•
•
•
•
•
•
•
•

𝛿𝑐 and 𝛿𝑤 are the effective thickness of washcoat and wall, respectively
[m]
𝜌𝑤 is the wall density [kg/m3]
𝐶𝑝𝑓 and 𝐶𝑝𝑤 is the heat capacity of gas and wall, respectively [J/(kg.K)]
𝑇𝑠 and 𝑇𝑓 are the solid and gas phase temperatures, respectively [K]
𝜆𝑤 is the thermal conductivity of the wall [W/(m.K)]
ℎ is the convection heat transfer coefficient [W/(m2.K)]
Δ𝐻𝑗 is the enthalpy of reaction j [J/mole]
rj is the reaction rate of reaction j [mole/(m3.s)]
𝑅Ω is one fourth of the channel hydraulic diameter [m]

➢ Species balance equations, Equation 4:
𝜕𝑋𝑓𝑚𝑖
𝜕𝑋𝑓𝑚 𝑘𝑚𝑒
= −𝑢
−
(𝑋 − 𝑋𝑤𝑐 |𝑦=0 )
𝜕𝑡
𝜕𝑥
𝑅Ω 𝑓𝑚
𝜕 2 𝑋𝑤𝑐 𝑖
𝜕𝑋𝑤𝑐𝑖
1
𝐺𝑎𝑠: 𝜀
= 𝛼𝑖𝑇 𝑟 + 𝐷𝑠
𝜕𝑡
𝐶0
𝜕𝑦 2
{
𝑆𝑜𝑙𝑖𝑑:

•
•
•
•
•
•
•
•
•

(4)

𝑖 is the species type
𝑋𝑤𝑐 and 𝑋𝑓𝑚 are the species mole fraction vector in the washcoat and in the
bulk gas, respectively [mole/(moletot.m3)]
𝑘𝑚𝑒 is the external mass transfer coefficient [m/s]
𝑦 is the length co-ordinate along washcoat direction
𝐶0 is the total molar concentration [mole/m3]
𝛼𝑖𝑇 is the stoichiometric coefficient vector of species i
𝐷𝑠 is the effective diffusivity of a species in washcoat [m2/s]
𝑟 is the reaction rate matrix [mole/(m3.s)]

➢ Site balance equation, Equation 5:
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𝜕𝜃𝑘
1
= 𝛼𝜃𝑇𝑘 𝑟
𝜕𝑡
𝐶𝑠
∑ 𝜃𝑘 = 1
{

𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑠𝑖𝑡𝑒

(5)

𝑘

Where:
•
•
•
•

𝑘 is the site type
𝜃𝑘 is the coverage of site k
𝐶𝑠 is the active site density per reactor volume [moleactive site/m3]
𝛼𝜃𝑇𝑘 is the stoichiometric coefficient vector of site k

It is noteworthy that mass and heat transfer coefficients are calculated based on
the assumption of fully-developed laminar flow through a single channel as
reported in Equation 6.
ℎ = 𝑁𝑢
{

𝑘𝑚𝑒𝑖

𝜆𝑓
𝐷ℎ

𝜌𝑓 𝐷𝑠𝑖
= 𝑆ℎ
𝐷ℎ

(6)

Where:
•
•
•
•

𝑁𝑢 is the Nusselt number
𝜆𝑓 is the thermal conductivity of the bulk gas [W/(m.K)]
𝐷ℎ is the hydraulic diameter of the channel [m]
𝑆ℎ is the Sherwood number

Finally, concerning the kinetics modelling, the Arrhenius form function is used
to evaluate the reaction rates which mainly depend on the temperature of the solid
phase, local gas concentration in the washcoat and available active sites, as reported
in Equation 7.
𝑘𝑖 = 𝐴𝑖 exp (−
Θi 𝐶𝑖
𝑟𝑖 = 𝑘𝑖
{
𝐼𝑖
•
•
•
•
•
•

𝐸𝑎,𝑖
)
𝑅𝑇𝑠

(7)

𝑘𝑖 is the kinetic constant
𝐴𝑖 is the pre-exponent multiplier of Arrhenius function for reaction i
𝐸𝑎,𝑖 is the activation energy of Arrhenius function for reaction i [J/mole]
𝑅 is the universal gas constant and equal to 8.314 [J/(mole.K)]
Θi is the active site expression for reaction i
𝐶𝑖 is the species concentration expression for reaction i [mole/m3]
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𝐼𝑖 is the inhibition function for reaction i

The equations expressed in this section are used as the basis for the modelling
of aftertreatment systems in grey-box models such as the model embedded in GTSUITE.

1.2.3 Model calibration approach
Regarding aftertreatment modelling and calibration, after definition of suitable
kinetic model, the kinetic parameters expressed in Equation 7, should be calibrated.
In order to find the optimized kinetic parameters an objective function, representing
the absolute cumulative error between measured and simulated concentration of
trace species at the outlet of the catalyst component, is defined. Optimization of the
objective function can be carried out through different methods:
•
•

•
•

•

Manual or trial and error: generally used when kinetic modelling requires
deep knowledge of kinetics, such as application in Lean NOx Trap (LNT)
modelling [16], and may results in local minimum.
Design of Experiments (DoE): which includes an initial exploration of the
variables domain by running the full test matrix and therefore it is time
consuming; however they can provide insight about the sensitivity of the
model outputs to the parameters. These methods are not efficient in kinetic
models calibration, however they are commonly used in combustion
modelling [32,33].
Numerical methods: using linear or quadratic programming, such as
application in DOC modelling [34]. This method requires an initial guess
and may result in local minimum.
Direct search methods: which are based on iterative algorithms, such as
discrete-grid bisection, moving along a certain direction to reach minimum
and are suitable for smooth and continuous objective functions and
requires suitable initial guess, an example of the application can be found
in [35].
Explorative Methods: which implies a systematic exploration of the
variables domain resulting in global minimum and can be used for
complex and non-linear systems, such as Genetic Algorithm (GA).

In the following sections, depending on the number of parameters and
requirements of the defined kinetic scheme, suitable calibration procedure and
optimization tool is adopted.
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Chapter 2
Selective
Catalytic
Reduction
Coated on Filter (SCR-F)
2.1 Introduction to SCR
Selective Catalytic Reduction (SCR) catalysts are one of the technologies for
controlling NOx emissions applicable over a wide range of temperatures by using
ammonia as an active intermediate for NOx reduction. Ammonia is provided to the
system through urea decomposition which is injected into the exhaust line upstream
of the catalyst, for active systems. NOx reduction with ammonia is mainly
controlled by the three SCR reactions expressed in Equation 8, which are usually
referred as standard, fast and slow SCR. The SCR reaction kinetics highly depend
on temperature and NO2/NOx ratio [36,37].
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ∶ 4𝑁𝐻3 − 𝑍 + 4𝑁𝑂 + 𝑂2 → 4𝑁2 + 6𝐻2 𝑂 + 4𝑍
2𝑁𝐻3 − 𝑍 + 𝑁𝑂 + 𝑁𝑂2 → 2𝑁2 + 3𝐻2 𝑂 + 2𝑍
{ 𝐹𝑎𝑠𝑡 ∶
𝑆𝑙𝑜𝑤 ∶
4𝑁𝐻3 − 𝑍 + 3𝑁𝑂2 → 3.5𝑁2 + 6𝐻2 𝑂 + 4

(8)

Recently, Selective Catalytic Reduction (SCR) catalysts [38] coated on Diesel
Particulate Filters (DPF) [39], often referred to as SCR-Fs, have been introduced
for automotive applications due to capability of reducing NOx and PM
simultaneously, as depicted in Figure 7. Moreover, as a result of combining
different aftertreatment components, in SCR-F technology, reduced packaging
volume and cost [40], in addition to lower thermal capacity [41] and faster warmup [18] for automotive applications are obtained.
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Several studies have been carried out on SCR-F applications and modeling. As
an example, Schrade et al. [42] developed a global kinetic model based on Synthetic
Gas Bench (SGB) experimental data. Colombo et al. [43], transferred an existing
SCR kinetic model into the wall of a DPF to assess the impact of soot on DeNOx
activity and also SCR coating effect on soot conversion efficiency. Another SCRF model was developed by Watling et al. [40], through the combination of an SCR
kinetic model of a flow-through monolith and a physical model of a coated DPF,
assuming that SCR coating does not affect soot oxidation kinetics.

Figure 7. SCR-F operating principle

In this chapter the performance of a Silicon Carbide Cu/zeolite SCR-F device
for controlling NOx emissions for automotive diesel applications was analyzed,
with the aim to investigate its catalytic properties and to build a simulation model
of the aftertreament device capable of predicting ammonia storage capacity, NOx
conversion efficiency and soot conversion due to passive regeneration.

2.2 Experimental set-up
The experimental activity was performed at ACA – Center for Automotive
Catalytic Systems of the RWTH Aachen University through a Synthetic Gas Bench
(SGB), as it is shown in Figure 8-a. The sample is put into an isothermal cylindrical
reactor which was placed in a furnace and the gases were mixed from compressed
gas cylinders using mass flow controllers. The reactor core sample has a diameter
around 18 mm and a length around 178 mm. As depicted in Figure 8-b two
thermocouples, 0.5 mm diameter each, are mounted in the gas flow upstream, TUS,
and downstream, TDS, of the sample. Moreover, the temperatures at the sample
central channel inlet, T1, middle (3 radial positions, T2, T4, T5), and outlet, T3,
have also been measured. An example of inlet and outlet gas temperatures for some
tests is presented in Figure 9 confirming the assumption of isothermal condition
(not presence of external heat loss) due to negligible temperature difference
between inlet and outlet, even for the soot loaded sample in which passive soot
regeneration occurs.
Gas concentration measurements were performed with a multicomponent
Fourier Transform Infrared (FTIR) with 1 Hz sampling frequency. Moreover,

2.2 Experimental set-up
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lambda evaluation was performed via Lambdasonde (UEGO) and calculation from
feed gas.

Figure 8. Experimental setup: schematic view Synthetic Gas Bench (SGB) (a) and
thermocouple locations on the lab scale sample (b)

Figure 9. Example of inlet and outlet gas temperatures for soot loaded and soot free
samples
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The lab-scale samples were obtained from a full-scale monolith (the main
characteristics of which are reported in Table 1). The catalyst sample is a Si/C
washcoated with Cu/zeolite with a cell density of 300 cells per square inch (cpsi)
and wall thickness of 0.012 inch (equivalent to 0.3 mm).
Table 1. Characteristics of the full-scale catalytic component

Characteristic
Substrate material

Unit

Value

-

Cordierite

Cell density

cpsi

300

mm, (in)

0.3, (0.012)

mm x mm x mm

137.16 x 137.16 x 177.8

Wall thickness
Dimensions
(short dia. x long dia. x length)

Soot loading has been performed with a small displacement Yanmar diesel
generator engine under constant load conditions by using the soot filter canning
shown in Figure 3-b for parallel loading of up to 8 samples. The conditioning was
done in oven at 200 °C for a duration of 1 hour.

Figure 10. SCR-F samples; (a) full-scale monolith, (b) canning used for soot loading of
samples

Two different soot loadings were tested in this work, 0 and 8 g/l respectively.
Soot distribution was assumed uniform throughout the sample.

2.3 Test protocols
The test protocol includes 3 main steps performed on both soot-free and soot-loaded
samples:
1. NO Oxidation test
2. Temperature Programmed Desorption (TPD) test
3. Temperature Programmed Reduction (TPR) test

2.3 Test protocols
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2.3.1 NO oxidation test
Considering that SCR reactions depend on the NO2/NOx ratio, it is important to
characterize the NO oxidation reaction. This test is therefore carried out with the
inlet batch composition reported in Table 2, for two different standard space
velocities, 30000 and 60000 1/hr, and the temperature is ramped up from 100 to
430 °C with a constant rate of 5 K/min. Reference temperature and pressure for the
measurement of space velocity are 273.15 K and 101325 Pa, respectively.
Table 2. Inlet gas composition for NO oxidation test (concentrations on volume basis)

Species

Concentration

NO [ppm]

400

O2 [%]

10

CO2 [%]

5

H2O [%]

5

N2

Balance

2.3.2 Temperature Programmed Desorption (TPD) test
TPD test is utilized to obtain ammonia storage capacity versus temperature and
consists of two main parts. In the present work, tests were carried out using a space
velocity of 60,000 1/hr [44]. Reference temperature and pressure for the
measurement of space velocity are 273.15 K and 101325 Pa, respectively.
During the first phase, named NH3 adsorption, a mixture of gases with the
composition reported in Table 3 is introduced into the catalyst while keeping the
inlet temperature at a constant level, referred to as adsorption temperature, Tads. This
phase is continued until equilibrium coverage is reached so that the inlet NH3
concentration is equal to the outlet one and the adsorption sites are saturated, as
shown in Figure 11. The test is repeated for 3 different adsorption temperatures,
150, 200 and 250 °C.
Table 3. Inlet gas composition for TPD experiment (concentrations on volume basis)

Species

NH3 Adsorption Phase

T ramp phase

NH3 [ppm]

500

-

H2O [%]

10

10

Balance

Balance

N2
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In the second phase, named temperature ramp phase, after stopping ammonia
injection at the inlet, the inlet gas temperature in increased linearly with a constant
rate of 5 K/min; hence, giving the possibility to characterize ammonia desorption
as a function of temperature.

Figure 11. Measured NH3 traces at inlet and outlet of catalyst sample during TPD test

2.3.3 Temperature Programmed Reduction (TPR) test
TPR test is performed similarly to TPD, at the same space velocity, with the aim to
characterize NH3 oxidation, standard, slow and fast SCR reactions using different
NO2/NOx ratios [44]. The NH3 adsorption phase is identical to the TPD one, with
the inlet composition reported in Table 3. Subsequently, the temperature ramp
phase is repeated for 4 different inlet batch conditions as reported in Table 4.
Table 4. Inlet gas composition for TPR experiment (concentrations on volume basis)

Species

NH3 Ads.
Phase

T Ramp Phase
NH3 oxidation Standard SCR

NO2/NO=1

NO2/NO=2

NH3 [ppm]

500

-

-

-

-

NO [ppm]

-

-

100

50

33.33

NO2 [ppm]

-

-

-

50

66.67

O2 [%]

-

10

10

10

10

10

10

10

10

10

Balance

Balance

Balance

Balance

Balance

H2O [%]
N2
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2.4 Simulation model and kinetics calibration
The SCR-F model was built for the reactor-scale sample, i.e. for a cylinder of 18.5
mm diameter and a length of 164.5 and 100 mm, for soot-free and soot-loaded
samples, respectively, using the commercially available 1D fluid-dynamic
simulation code GT-SUITE, developed by Gamma Technologies Inc. The 1D
simulation model is based on the assumptions discussed in Chapter 1.2.
The reaction model is a global-type surface reaction series using Turnover
Number reaction rate format in which the rate expression is entered with implied
unit of [mole/s/moles of active sites] [31]. It incorporates the ammonia
adsorption/desorption, NO and ammonia oxidation and NOx reduction reactions via
ammonia, named SCR reaction model. The reaction rates can be expressed by
general form of Arrhenius term as shown in Equation 7.
Thanks to a proper test protocol characterization, the reaction model can be
calibrated independently. The reactions are listed in Table 5. The calibration
parameters include the zeolite site density in addition to pre-exponent multiplier
and activation energy of each reaction.
The calibration is started from adsorption/desorption reaction focusing on TPD
test experimental data. In this step, Reaction 1 and Reaction 2 are calibrated. The
optimization is performed using the automatic optimizer of GT-SUITE, Brent
method, with the aim to minimize the objective function defined as the absolute
cumulative error between simulation and experimental concentration of products,
in this case ammonia, as expressed in Equation 9.
𝐹𝑜𝑏𝑗 =

1
𝑡𝑒𝑛𝑑

∫

𝑡𝑒𝑛𝑑

0

𝑎𝑏𝑠(𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠𝑖𝑚 − 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑚𝑒𝑎𝑠 )𝑑𝑡

(9)

The next step is dedicated to calibration of the NO oxidation reaction, Reaction
3. It is important to note that at higher temperatures NO2 can be decomposed to NO
and O2; therefore, the reverse reaction is considered using the equilibrium constant
calculated on the basis of thermodynamics and Gibbs free energy, as expressed in
Equation 10.
𝐾𝑒𝑞 = exp (−

∆𝐺
)
𝑅𝑇

(10)

For global reaction modeling, a linear approximation of the change in Gibbs
free energy with respect to temperature is sufficient [31].
Afterwards, SCR reactions are calibrated according to TPR measurements.
Moreover, it has been observed, [42,45], that at low temperatures when NO2 is
present, NH4NO3 is formed via Reaction 8, which is then decomposed at higher
temperatures through Reaction 9.
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Table 5. Global kinetic reactions on the washcoat layer

#

Model

Rate Expression

1

𝑁𝐻3 + 𝑍 → 𝑁𝐻3 − 𝑍

𝑘1 𝐶𝑁𝐻3 𝜃𝑍

2

𝑁𝐻3 − 𝑍 → 𝑁𝐻3 + 𝑍

𝑘2 𝜃𝑁𝐻3−𝑍

3

𝑁𝑂 + 0.5𝑂2 ↔ 𝑁𝑂2

𝑘3 (𝐶𝑁𝑂 𝐶𝑂0.5
− 𝐶𝑁𝑂2 /𝐾𝑒𝑞 )
2

4

4𝑁𝐻3 + 3𝑂2 → 2𝑁2 + 6𝐻2 𝑂

𝑘4 𝐶𝑁𝐻3 𝐶𝑂2

5

4𝑁𝐻3 − 𝑍 + 4𝑁𝑂 + 𝑂2 → 4𝑁2 + 6𝐻2𝑂 + 4𝑍

2
𝑘5 𝐶𝑁𝑂 𝜃𝑁𝐻
3 −𝑍

6

2𝑁𝐻3 − 𝑍 + 𝑁𝑂 + 𝑁𝑂2 → 2𝑁2 + 3𝐻2𝑂 + 2𝑍

𝑘6 𝐶𝑁𝑂 𝐶𝑁𝑂2 𝜃𝑁𝐻3−𝑍

7

4𝑁𝐻3 − 𝑍 + 3𝑁𝑂2 → 3.5𝑁2 + 6𝐻2 𝑂 + 4𝑍

𝑘7 𝐶𝑁𝑂2 𝜃𝑁𝐻3−𝑍

8

𝑁𝑂2 + 2𝑁𝐻3 + 𝑆𝑖𝑡𝑒 → 𝑁𝐻4 𝑁𝑂3 – 𝑆𝑖𝑡𝑒 + 𝑁2 + 𝐻2 𝑂

𝑘8 𝐶𝑁𝐻3 𝐶𝑁𝑂2 𝜃𝑠𝑖𝑡𝑒

9

𝑁𝐻4 𝑁𝑂3 – 𝑆𝑖𝑡𝑒 → 𝑁𝑂2 + 𝑁𝐻3 + 0.5𝐻2 𝑂 + 0.25𝑂2 + 𝑆𝑖𝑡𝑒

𝑘9 𝜃𝑁𝐻4𝑁𝑂3 −𝑠𝑖𝑡𝑒

After calibration of soot free sample kinetics, experimental measurement for
the 8 g/l soot loaded sample can be further used for the calibration of soot reactions
over the soot cake layer, as shown in Table 6. It is noteworthy that kinetic
parameters are calibrated according to CO and CO2 traces detected downstream of
the reactor as a result of passive soot regeneration.
Table 6. Global kinetic model on the soot cake layer

#

Model

Rate
Expression

10

𝐶 + 𝑂2 → 𝐶𝑂2

𝑘10 𝐶𝑂2 𝐶𝐶

11

𝐶 + 0.5𝑂2 → 𝐶𝑂

𝑘11 𝐶𝑂2 𝐶𝐶

12

𝐶 + 2𝑁𝑂2 → 𝐶𝑂2 + 2𝑁𝑂

𝑘12 𝐶𝑁𝑂2 𝐶𝐶

13

𝐶 + 𝑁𝑂2 → 𝐶𝑂 + 𝑁𝑂

𝑘13 𝐶𝑁𝑂2 𝐶𝐶

In order to decouple the effect of soot oxidation by O2 and by NO2, first,
Reactions 10 and 11, which are soot oxidation by O2, were calibrated according to
TPR test data in which NO2 is not present. Subsequently, Reactions 12 and 13 were
calibrated using other TPR tests in which NO2 was present in the inlet batch. It
should be noted that the calibration of the SCR model is performed only based on
the soot-free sample, and is then further validated for the soot-loaded component.
The optimized kinetic parameters found for the reactions listed in Table 5 and Table
6 are reported in Table 7.
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Table 7. Optimized kinetic parameters for the SCR-F global kinetic model

#

Pre-exponent Multiplier

Activation Energy [J/mol]

1

3.413

0

2

2.97E8

118876(1 − 0.36𝜃𝑁𝐻3 −𝑍 )

3

84.112

45483.6

4

1.68E11

144625.5

5

6.47E15

146941.9

6

4.99E15

107878.8

7

1.09E17

197178.1

8

3.32E5

0

9

9.09E5

62234.8

10

4.9E9

83144.9

11

2.9E8

74515.9

12

5E15

91459.4

13

8E12

66515.9

2.5 Results and discussion
A comparison between predicted and measured ammonia concentrations
downstream of the catalyst component for 3 different adsorption temperature levels
is shown in Figure 12. It can be observed that the instantaneous concentration traces
coming from the simulation model follow measured data with acceptable accuracy
both for the soot-free and the soot-loaded samples, especially during ramp-up phase
which is of more interest due to SCR reactions.
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Figure 12. Predicted versus experimental ammonia concentration downstream of catalyst
during TPD test; (a) soot free sample, (b) soot loaded sample 8 g/l. Temperature is plotted
on the right axis and concentrations are plotted on the left axis (dashed line represents
simulation result and full line refer to the measured value)

Moreover, NH3 storage capacity as a function of temperature is shown in Figure
13. Linear decrease of NH3 storage capacity is obtained by increasing temperature,
with a maximum error of 6% between predicted and measured values.
Comparing soot-loaded and soot-free samples storage capacity, soot has a
minor impact on ammonia storage capacity; however slight improvement on the
storage capacity, specifically at T<250 °C, can be observed with the soot-loaded
sample due to its higher geometric surface area, which is consistent with the study
performed by Schrade et al. [42].

Figure 13. Ammonia storage capacity as a function of temperature
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Considering NH3 oxidation test, the instantaneous NH3 traces at the outlet of
the SCR-F component for 2 different adsorption temperatures, 150 and 200 °C, are
shown in Figure 14. It can be observed that the simulation results are in good
agreement with experimental data. As expected [40,45] ammonia oxidation will
occur at temperatures around 350-400 °C; hence, the effect at such low
temperatures, 250 °C, is not significant. Therefore, in order to obtain more
information regarding ammonia oxidation, it is required to perform the test at higher
temperatures. Moreover, it can be observed that NH3 is only converted to N2, since
NO was not detected downstream of the catalyst during this experiment, although
conversion to NO was reported in literature [40] at temperatures higher than 550
°C.

Figure 14. Predicted versus experimental ammonia concentration downstream of catalyst
during TPR test, characterizing NH3 oxidation; (a) soot free sample, (b) soot loaded
sample 8 g/l. Temperature is plotted on the right axis and concentrations are plotted on
the left axis (dashed line represents simulation result and full line refer to the measured
value)
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The results of NO oxidation test for the two tested space velocities, 30000 and
60000 1/hr, are depicted in Figure 15. It can be observed that at temperatures higher
than 250 °C NO starts to be oxidized and converted to NO2 and, as expected, the
conversion is faster for lower space velocities, i.e. higher residence times. It is worth
noting that the predicted results are in acceptable agreement with measured data.

Figure 15. Predicted versus experimental ammonia concentration downstream of catalyst
during NO oxidation test; (a) soot free sample, (b) soot loaded sample 8 g/l. Temperature
is plotted on the right axis and concentrations are plotted on the left axis (dashed line
represents simulation result and full line refer to the measured value)

As far as NOx reduction with ammonia is concerned, it can be seen from Figure
16 that NOx conversion is a function of temperature, NO2/NOx ratio and availability
of the reductant. Focusing on Figure 16-a-A , representing the behavior of the soot
free component in which only NO is present, NOx conversion is increased initially
due to increase in temperature; then, after reaching a maximum, it declines due to
consumption of adsorbed ammonia; hence, unavailability of sufficient reductant
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overcomes the temperature effect resulting in decrease of NO conversion
efficiency.
As it can be appreciated from Figure 16-a-B and Figure 16-a-C, at lower
temperatures initially NO2 concentrations drop: this can be related to the formation
of NH4NO3 (according to [46,47]), which is decomposed at higher temperatures.
Consequently, comparing different NO2/NO ratio cases in Figure 16-a, it is
observed that conversion of NO2 is higher with respect to NO at low temperatures.
This phenomenon is well-captured by the simulation model and an acceptable
agreement between predicted and measured NOx traces can be observed.
It is worth remarking that slow SCR, Reaction 7 in Table 5, takes place at higher
temperatures; therefore, the effect may not be so visible at temperatures below 200
°C [48]. Moreover, at low temperatures [49,50] and low NO2/NOx [42] soot
consumption by NO2 is small: hence, NO2/NOx ratio is not altered, and as a
consequence, NOx conversion is not affected. On the other hand, at higher
temperatures, depending on the inlet NO2/NOx ratio, soot can improve or deteriorate
NOx conversion efficiency due to local change in the NO2/NOx ratio through soot
oxidation by NO2 [40,51,52].

Figure 16. Predicted versus experimental NH3, NO and NO2 concentration downstream of
catalyst during TPR test, characterizing NOx conversion using different NO2/NO ratios;
(a) soot free sample, (b) soot loaded sample 8 g/l. Temperature is plotted on the right axis
and concentrations are plotted on the left axis (dashed line represents simulation result
and full line refer to the measured value)
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Considering soot-loaded sample results, in Figure 16-b, when NO2 is not
present (Figure 16-b-A), NO outlet concentration is not affected by the presence of
soot. However, when NO2 is included in the inlet batch after ammonia is consumed,
lower NO2 and higher NO are detected due to soot regeneration, while the NOx
balance will not be affected, which is in agreement with the study performed by
Marchitti et al. [52].
Furthermore, NOx conversion efficiency as a function of temperature is
depicted in Figure 17, in which simulated results follow the measured values with
acceptable accuracy. As reported in literature [53,54], the maximum NOx
conversion is seen at equimolar NO and NO2 composition, NO/NO2=1. When the
samples are soot-loaded, local NO2/NOx ratio will change; therefore, for
NO2/NO=2 higher NOx conversion is detected for the soot-loaded sample compared
with the soot-free one, due to consumption of NO2 and production of NO as a result
of passive soot regeneration, hence reducing the NO2/NO ratio. On the other hand,
at equimolar NO2/NO a slight decrease is observed for the soot-loaded sample.
Similar results regarding the effect of soot on SCR pathway have been reported by
Tronconi et al. [55] and Marchitti et al. [52].

Figure 17. Predicted versus measured NOx conversion efficiency during TPR test using
different NO2/NO ratios; (a) soot free sample, (b) soot loaded sample 8 g/l

Finally, total soot converted during TPR tests is estimated by stoichiometry
using the amount of produced CO and CO2 (Table 6) and considering that CO/CO2
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are not included in the inlet batch and are only formed as a results of soot
conversion. ). The mass of converted soot is calcutated by Equation 11 using the
molecular mass of carbon, 𝑀𝑤𝐶 .
𝑡𝑒𝑛𝑑

𝑠𝑜𝑜𝑡 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 [𝑔] = 𝑀𝑤𝐶 ∫ (𝑛̇ 𝐶𝑂,𝑜𝑢𝑡 + 𝑛̇ 𝐶𝑂2 ,𝑜𝑢𝑡 )𝑑𝑡

(11)

𝑡𝑠𝑡𝑎𝑟𝑡

The total soot converted in TPR experiemnts is shown in Figure 18. Because of
the simplifying assumptions made concerning the soot characteristics and its
distribution along the channel length (currently assumed to be uniform), combined
with the complexity of soot chemical kinetics, some errors in terms of total soot
converted predicted by the model have to be expected. Moreover, it can be observed
that NO2 can increase passive soot regeneration by about 50%, compared to the
case in which only NO is present in the inlet batch.

Figure 18. Soot converted during TPR experiment at different NO2/NOx ratios
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Chapter 3
Lean NOx Trap (LNT)
3.1 Introduction to Lean NOx Trap
Lean NOx Trap (LNT), or also referred to as NOx Storage Reduction (NSR)
catalysis [56] and NOx Storage Catalyst (NSC), is one of the lean-NOx reduction
strategies proposed in the last decades [57,58]. LNT catalysts function by being
cycled through a repetitive lean/rich process [14]. Initially, NOx is trapped by
forming solid nitrates and nitrites on a component of the LNT surface (for example
BaO) when the exhaust is lean (i.e., contains excess oxygen), Figure 19-a. The
chemical mechanisms underlying the trapping process have been investigated by a
number of authors [59,60].

Figure 19. Principle operation of Lean NOx Trap

Before the NOx absorbing sites become saturated, the catalyst is transitioned
into a regeneration phase. In this phase, the catalyst is briefly exposed to a gas
mixture with very low or no oxygen and containing relatively higher concentrations
of H2, CO, and HCs, thereby reducing the nitrates and nitrites to N2, Figure 19-b.
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The effect of different reductants on the NOx conversion efficiency has been
evaluated by several authors [61–63]. Al-Harbi et al. concluded [63] that when CO
is used as the reductant, it reacts with water vapor via Water Gas Shift (WGS) to
produce H2, which can also act as a reductant. Recent studies such as that by
Masdrag et al [64] have also demonstrated that unintended by-products such as NH3
and N2O (a greenhouse gas [65]) can be produced as well during regeneration,
thereby emphasizing the importance of understanding the details of LNT kinetics.
Typical LNT catalysts also contain precious metal components such as Pt, to
promote storage and reduction.

3.1.1 NOx Storage Mechanism
The mechanisms for NO and NO2 storage on barium and ceria have historically
been not well understood, thereby making them difficult to model. One difficulty
arises from the ability of NOx to store on many components commonly found in
oxidation catalysts, including Ce [66] and K [67,68] in addition to Ba. Another
difficulty is the non-monotonic relationship between measured NOx storage
capacity and temperature. The customary method to test species storage capacity
on an exhaust aftertreatment catalyst is to feed a catalyst sample with a constant
concentration of species until the catalyst storing capacity saturates and the outlet
concentration is the same as the inlet concentration.
Many LNT studies report that the NOx storage capacity increases with
increasing temperature until around 300-350°C where it peaks, then decreases upon
further increasing the temperature. Some studies have noted that 300-350°C is also
the temperature range at which the reversible NO oxidation reaction most strongly
favors NO2 production, before thermodynamic equilibrium begins to favor NO
again as the temperature is increased beyond that range. Many studies have
concluded that NO2 stores more easily to Ba/Pt sites and the NO2/NO ratio plays an
important role in the NOx storage capacity [69,70]. Despite these more recent
findings, mathematical models of NOx storage on Ba/Pt sites have achieved mixed
success. Some studies [71] report that mass transfer of stored species in the
washcoat plays an important role in the overall NOx storage behavior and this
mechanism is not well understood.
The non-monotonic relationship between NOx storage capacity and
temperature, as well as the lack in understanding any potential mass transfer effects,
has led some modelers to take a phenomenological approach to modeling NOx
storage on LNTs. Kočí et al. [70] used an equilibrium storage capacity approach,
where the local stored NOx coverage is subtracted from a temperature-dependent
equilibrium coverage to determine adsorption rate. Similar approaches have been
employed in [72–75]. With such an approach, adsorption reactions are defined as
Equation 12 and Equation 13 with rate expression reported as Equation 14.
𝐵𝑎𝐶𝑂3 + 2𝑁𝑂 + 1.5𝑂2 → 𝐵𝑎(𝑁𝑂3 )2 + 𝐶𝑂2

(12)
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𝐵𝑎𝐶𝑂3 + 2𝑁𝑂2 + 0.5𝑂2 → 𝐵𝑎(𝑁𝑂3 )2 + 𝐶𝑂2
𝑐𝑎𝑝
𝑒𝑞
𝑟𝑖 = 𝑘Ψ𝑁𝑂
𝐶 𝐶 (𝜃𝑁𝑂
− 𝜃𝑁𝑂𝑥 )
𝑥 𝑁𝑂𝑥 𝑂2
𝑥

2

(13)
(14)

𝑐𝑎𝑝
𝑒𝑞
where Ψ𝑁𝑂
is the storage capacity and 𝜃𝑁𝑂
is the temperature dependent
𝑥
𝑥
equilibrium coverage, which would need to be fit to NOx storage experiments. This
modeling approach is a convenient one for ensuring a model follows NOx storage
capacity vs. temperature data and avoids the complex processes occurring on Ba/Pt
sites, but it is a non-physical model with a couple different problems. First, this
model ignores NOx desorption from the surface. Although the rate expression in
Equation 18 can be modified to include the sign of the difference inside the
parentheses to make the reaction reversible, doing so would make the reverse
reaction dependent on the NOx and O2 concentration, which is not physical. In
addition, these reactions predict zero rates of adsorption in the absence of O2,
whereas the important disproportionation reaction as a storage pathway does not
rely on O2.

Nova et al. [56] tested NOx storage on Pt/Al2O3, Ba/Al2O3, and Pt-Ba/Al2O3
samples and found NO2 adsorption on Ba via the disproportionation reaction is
more efficient than that of NO/O2. The disproportionation reaction is a series of
three steps, Equations 15, 16 and 17:
𝐵𝑎𝑂 + 𝑁𝑂2 → 𝐵𝑎𝑂 − 𝑁𝑂2

(15)

𝐵𝑎𝑂 − 𝑁𝑂2 → 𝐵𝑎𝑂2 + 𝑁𝑂

(16)

𝐵𝑎𝑂2 + 2𝑁𝑂2 → 𝐵𝑎(𝑁𝑂3 )2

(17)

whose net reaction is referred to as the single-step disproportion reaction,
Equation 18:
𝐵𝑎𝑂 + 3𝑁𝑂2 → 𝐵𝑎(𝑁𝑂3 )2 + 𝑁𝑂

(18)

They also found that the main pathway for NO storage in the presence of O2
was the formation of less stable Ba-nitrites that progressively transform on the
surface to more stable Ba-nitrates. They found that increasing the number Pt-Ba
neighboring sites increased NOx breakthrough times and overall NOx storage
capacity. Chaugule et al. [69] measured NOx storage on LNT samples with different
Pt/Ba loadings at 300 °C and found each of these sites play an important role in
both NO and NO2 storage and the formation of stable Ba-nitrates. They found
difficulty in describing NOx storage with only one or perhaps two sites. Rather,
Chaugule et al. [69] conclude that the following four sites (three functionally)
describe NOx storage on barium.
1. Ba vicinal to Pt (storage of NO2 and/or NO using spilled over oxygen from
Pt as the oxidant).
2. Ba uninﬂuenced by Pt (NO2 disproportionation using NO2 as the oxidant).
3. Pt/-γ-Al2O3 (NO oxidation and NO2 decomposition).
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4. γ-Al2O3 (negligible NOx storage).

However, these sites are connected in a complex kinetic manner. Consequently,
the kinetic interrelation of these sites provides a temperature dependent variation of
the apparent NOx storage capacity. We have successfully described that complex
interaction with a three-site model.
Some modelers have applied a two-site approach to modeling NOx storage on
LNTs. Shwan et al. [76] developed a global kinetic shrinking core model to predict
NOx breakthrough during storage. The mechanism consisted of direct adsorption of
NO2 to nitrates and NO to nitrites, both of which were made reversible using
equilibrium constants. Kromer et al. [71] also used a two site model with different
adsorption rates to account for different time scales observed in NOx storage and
breakthrough data. They also concluded that a NOx storage model must include
direct storage of NO to properly predict NO outlet concentrations, instead of
assuming only NO2 adsorbstion after being generated from NO oxidation.
In the current study, a three-site global storage mechanism for both case study
#1 and #2 is proposed, more details can be found in Section 1.2.

3.2 Lean NOx Trap – Case Study 1
Experimental and numerical analysis was performed with a core sample from a
LNT monolith (cordierite, 400 cpsi) from a lean burn gasoline passenger car
equipped with a 2.0-liter, 4-cylinder direct-injection engine.

3.2.1 Experimental Set-up
The 7.5 cm-long, 2 cm- diameter core sample was extracted from a full-size
component and inserted in a tube furnace, Lindberg Blue/M Mini-Mite, to control
catalyst temperature which is connected to an automated flow reactor at Oak Ridge
National Lab (ORNL) [77].
Temperature was measured upstream, axial midpoint and downstream of the
component with 0.5 mm diameter type K, Omega Engineering thermocouples and
Omega Engineering PX419-030AV pressure transducers were used to measure
pressure. Mass flow controllers, MKS 1479A, were used for mixing the inlet gases
from compressed cylinders and an FTIR spectrometer, MKS Multigas 2030HS,
measured the gas concentration. An electronically actuated 4-way solenoid valve,
Numatics Micro-air series, was utilized for switching between lean/rich conditions.
Schematic view of experimental set-up is shown in Figure 20. It is important to note
that a GT-SUITE model of the flow system was created to correct the
synchronization between inlet and outlet concentration measurements. Therefore,
the experimental data used in the model are corrected to consider the effect of the
transient and dynamic behavior of flow and measurement devices.
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Figure 20. Schematic of the reactor system for LNT case study #1

A composition analysis, performed at ORNL, on the washcoat is summarized
in Table 8. The sample washcoat thickness was measured to be 0.18 mm at the side.
Table 8. Composition analysis of the washcoat of LNT case study #1

Element

Loading (g/L)

Ba

19.98

Ce

55.51

Zr

4.32

La

2.45

Pt/Pd/Rh (1:0.31:0.12)

3.52

K

0.04

Sr

0.39

Na

0.07
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3.2.2 Test protocols
Synthetic Gas Bench (SGB) test protocols are defined with the aim to decouple the
effects of different mechanisms, by feeding the catalyst sample with controlled
species concentrations, flow rates and temperatures, thus facilitating the model
calibration process. In this context, three types of experiments are defined according
to CLEERS LNT protocol [78] with the aim to characterize oxygen and NOx storage
and reduction. It should be noted that the study is not focused on light-off behavior
and the main goal is focsed on the detection of suitable kinetic scheme for NOx
storage and reduction. The isothermal tests are performed at constant mass flow rate
of 0.23 g/s and at five different constant temperature levels ranging from 150 °C to
550 °C, spaced equally in 1/T [K-1] in order to improve resolution of the Arrhenius
rate constants, resulting in 150, 209, 286, 393 and 550 °C.
3.2.2.1 Oxygen Storage Capacity (OSC)
Thanks to the presence of ceria on the washcoat layer, the LNT demonstrates
oxygen storage capacity. Ceria loading promotes water gas shift reaction activity
and therefore favors H2 formation under rich conditions [79–81] which facilitates
catalyst regeneration. The OSC test includes a lean phase that oxygen is stored on
ceria, 60 seconds, which is followed by a rich phase, 30 seconds, in which the
reductant CO will reduce the stored oxygen and cleans-off the surface. The test is
repeated for 30 cycles at different temperature levels. It is worth noting that before
each constant temperature experiment, the sample was regenerated with H2 at
550°C. The inlet feed composition based on volume is reported in Table 9.
Table 9. Inlet gas composition for OSC tests in volume basis for LNT case study #1

Species

Lean Mixture

Rich Mixture

CO[ppm]

0

10000

O2 [%]

10

0

CO2 [%]

5

5

H2O [%]

5

5

N2

Balance

Balance

3.2.2.2 NOx Storage and Reduction (NSR)
NOx adsorption/desorption and its reduction are characterized by means of NSR
experiments which is composed of a lean phase in which NOx is stored on barium
sites. Due to variation of NOx storage capacity with temperature, depending on the
temperature level the duration of lean phase varies, such that full saturation of the
component is achieved. Therefore, longer exposure times, up to 45 minutes, at
lower temperatures and shorter exposure times, as short as 5 minutes, are adopted.
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At the end of the storage steps, the NO and O2 feedings were shut off and the
catalyst was either allowed to isothermally desorb the stored NOx, or it was exposed
to a reductant to characterize the kinetics of NOx release and reduction injecting
different reductants, H2, CO and C3H6 (representative of HCs), separately. The inlet
gas feed is reported in Table 10 in volume basis. It is worth mentioning that the
reductant concentrations were selected such that NOx reduction potential constant
is held constant, i.e. 111 ppm of C3H6 can reduce the same quantity of NOx as 1000
ppm H2 based on reaction stoichiometries.
Table 10. Inlet gas composition for NOx reduction experiments in volume basis

Species

Lean

Rich, H2

Rich, CO

Rich, HC

Reductant [ppm]

0

1000

1000

111

O2 [%]

10

0

0

0

CO2 [%]

5

5

5

5

H2O [%]

5

5

5

5

NO [ppm]

287

0

0

0

NO2 [ppm]

13

0

0

0

N2

Balance

Balance

Balance

Balance

3.2.3 Kinetic model development and calibration guideline
A global reaction model comprised of three parts was derived for this study: oxygen
storage and reduction, NOx storage, and reduction of stored NOx. The specific
reaction rates or the turnover number rate (Ri) is expressed in units of mol/molsite/sec, where mol-site is the active site density participating in the reaction. There
are five total sites participating in the reaction: ceria, three different barium sites,
and Platinum Group Metals (PGM). A PGM site density of 2 mol/m3 was chosen
based on the PGM loading, Pt/Pd/Rh ratio, and assuming a 10% dispersion, and the
pre-exponent multipliers for PGM reactions were calibrated around this value. The
other site densities were calibrated in tandem with the pre-exponent multipliers to
match measurement data. Unless otherwise noted, all rates were assumed to be first
order with respect to each reactant concentration. The Arrhenius expression was
chosen for the form of the kinetic rates, Equation 7.
The calibration was largely performed manually and with Arrhenius plots,
although at times an objective function was constructed to calculate the cumulative
error over time between measurement and model prediction, which was then
minimized with an optimizer. The calibration is started from storage experiments.
Considering that the experiments include several isothermal steps, kinetic
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parameters can be obtained using Arrhenius approach. Therefore, prior to
explanation of step by step calibration guideline, Arrhenius approach is described.
3.2.3.1 Arrhenius Approach for finding kinetic parameters
The Arrhenius approach can be implemented when calibrating several cases in
which in each case the inlet temperature is constant. Considering the Arrhenius
expression, Equation 7, in each case when the temperature is constant the reaction
constant 𝑘𝑖 remains unchanged. As a result, each isothermal case can be calibrated
separately without taking into account the activation energy; hence, for each
temperature step a constant number for 𝑘𝑖 is obtained and a plot of ln(𝑘𝑖 ) as a
1
function of 𝑇 can be made using the calibrated points.
Considering Equation 19, by fitting a line passing through the datasets, the preexponent multiplier and activation energy can be calculated as shown in Figure 21.
𝐸𝑎,𝑖 1
(19)
𝐿𝑛(𝑘𝑖 ) = 𝐿𝑛(𝐴𝑖 ) −
×
𝑅 𝑇

Figure 21. Arrhenius plot for finding pre-exponent multiplier and activation energy

3.2.3.2 Oxygen Storage and Reduction
The reaction model and optimized kinetic parameters of the OSC test includes
Water Gas Shift (WGS) reaction on the precious metal, storage of oxygen and its
reduction via CO, H2 and C3H6 on ceria sites, as reported in Table 11 and Table 12,
respectively:
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Table 11. WGS and oxygen storage and reduction reactions for LNT case study #1

#

Reaction
𝐾𝑒𝑞,𝑊𝐺𝑆

1

𝐻2 𝑂 + 𝐶𝑂 ↔

Rate Expression
𝐶𝑂2 + 𝐻2

𝑟1 =

𝑟2 =

𝐶𝐶𝑂 𝐶𝐻
𝑘1 𝐶𝐶𝑂 𝐶𝐻2 𝑂 − 𝐾 2 2
𝑒𝑞,𝑊𝐺𝑆

𝐺1
𝑒𝑞
𝑘2 𝐶𝑂2 (𝜃𝐶𝑒
− 𝜃𝐶𝑒2 𝑂3 )
2 𝑂3

2

𝐶𝑒2 𝑂3 + 0.5𝑂2 → 2𝐶𝑒𝑂2

3

2𝐶𝑒𝑂2 + 𝐶𝑂 → 𝐶𝑒2 𝑂3 + 𝐶𝑂2

4

2𝐶𝑒𝑂2 + 𝐻2 → 𝐶𝑒2 𝑂3 + 𝐻2 𝑂

𝑟4 = 𝑘4 𝐶𝐻2 𝜃𝐶𝑒𝑂2

5

1
1
1
2𝐶𝑒𝑂2 + 𝐶3 𝐻6 → 𝐶𝑒2 𝑂3 + 𝐻2 𝑂 + 𝐶𝑂2
9
3
3

𝑟5 = 𝑘5 𝐶𝐶3 𝐻6 𝜃𝐶𝑒𝑂2

𝐺1 = (1 + 1.8 exp (

𝐺2

𝑟3 = 𝑘3 𝐶𝐶𝑂 𝜃𝐶𝑒𝑂2

2
487
−215
9715 2 2
−6206.9
) 𝐶𝐶𝑂 + 275 exp (
) 𝐶𝐶3 𝐻6 ) (1 + 0.00061 exp (
) 𝐶𝐶𝑂 𝐶𝐶3 𝐻6 ) (1 + 5.55𝐸6 exp (
) 𝐶𝑁𝑂 )
𝑇
𝑇
𝑇
𝑇

𝐺2 = 1 + 1𝐸12 exp (

−14000
) 𝐶𝑁𝑂
𝑇

Table 12. Kinetic parameters obtained for OSC characterization of LNT case study #1

#

Pre-Exponent Multiplier

Activation Energy (J/mol)

1

3.24𝐸6

61000

2

0.1

0

3

3.2

1800(1 − 0.9𝜃𝐶𝑒𝑂2 )

4

12.6

2900(1 − 0.7𝜃𝐶𝑒𝑂2 )

5

0.06

1800(1 − 0.9𝜃𝐶𝑒𝑂2 )

The model was developed starting from calibration of WGS, Reaction #1.
Water gas shift equilibrium constant is obtained according to thermodynamics
∆𝐺
using Gibbs free energy, 𝐾𝑒𝑞,𝑊𝐺𝑆 = 𝐴𝑒𝑥𝑝 (− 𝑅𝑇), in which the change in Gibbs
free energy of the reaction can be considered a quadratic function of temperature
[31], Equation 20.
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𝐾𝑒𝑞,𝑊𝐺𝑆 = 𝑒𝑥𝑝 (−

(−41000 + 44.2𝑇 − 0.0056𝑇 2 )
)
𝑅𝑇

(20)

The reaction rate of WGS can be estimated by Equation 21:
𝑬𝒂𝟏
𝑟1 = 𝑨𝟏 exp(−
)
𝑅𝑇

𝐶𝐶𝑂 𝐶𝐻 𝑂
𝐶𝐶𝑂 𝐶𝐻2 𝑂 − 𝐾 2 2
𝑒𝑞,𝑊𝐺𝑆

(21)

𝐺1

It should be noted that all the reactions taking place on the precious metal are
inhibited by Voltz type inhibition functions (named G1), Equation 22, which
consider the effect of NO, CO and C3H6 competition.
2
−𝑇𝑎𝐺1,1
𝑇𝑎𝐺1,2
𝐺1 = (1 + 𝐴𝐺1,1 𝑒𝑥𝑝 (
) 𝐶𝐶𝑂 + 𝐴𝐺1,2 𝑒𝑥𝑝 (−
) 𝐶𝐶3 𝐻6 )
𝑇
𝑇
𝑇𝑎𝐺1,3 2 2
(22)
× (1 + 𝐴𝐺1,3 𝑒𝑥𝑝 (−
) 𝐶𝐶𝑂 𝐶𝐶3𝐻6 )
𝑇
𝑇𝑎𝐺1,4
× (1 + 𝐴𝐺1,4 𝑒𝑥𝑝 (−
) 𝐶𝑁𝑂 )
𝑇
In this stage preliminary values found in the literature can be used for the Voltz
type inhibition function and can be further modified if required.
The reaction parameters in this step include the pre-exponent multiplier A1 and
the activation energy Ea1. In order to find the optimized calibration parameters,
Arrhenius approach, resulting in Figure 22, is implemented starting from the lowest
temperature and moving step to step to higher temperatures with the goal to match
the steady amount of H2 during the regeneration (O2 reduction) phase during the
rich duration at 286°C and 393°C, since at the lower temperatures negligible H2 is
produced, and the reaction is expected to be at or near thermodynamic equilibrium
at 550°C, Figure 23.
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Figure 22. Arrhenius plot for WGS calibration, Linear fit: ln(Rate) = -7336.6(1/T) +14.99

Figure 23. Calibration of OSC experiment considering water gas shift reaction

In order to calibrate the oxygen storage and reduction reactions, it is required
to compute the oxygen storage capacity. The measured CO and H2 outlet fractions
for one cycle of the oxygen storage and reduction experiments are shown in Figure
24. Inlet CO fraction is also included; the time between the beginning of the inlet
CO feed and when CO and H2 exit the reactor indicates the amount of stored O2.
This dead time during which no CO or H2 break through increases monotonically
as temperature increases. Further, because the rate of the reduction reactions
between CO/H2 and stored oxygen are expected to increase with increasing
temperature, the trend between dead time and temperature indicates the O2 storage
capacity increases with increasing temperature. This observation was also reported
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in [82] where zirconia containing oxygen storage materials have an exponential
growth in storage above 300 °C, Figure 25.

Figure 24. Measured CO (red) and H2 (blue) outlet concentration for one cycle of the
oxygen storage and reduction experiments at (a) 150°C, (b) 209°C, (c) 286°C, (d) 393°C,
(e) 550°C.

Figure 25. Evolution of oxygen storage [82]
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Therefore, the data in Figure 24 was analyzed to determine the O2 storage
capacity, which was calculated by considering a mole balance on the reactor starting
with the introduction of the rich feed and ending when steady-state had been
reached. The number of stored O2 moles was calculated by Equation 23:
𝑡𝑒𝑛𝑑

𝑛𝑂2,𝑠𝑡𝑜𝑟𝑒𝑑

1
=
∫ (𝑛̇ 𝐶𝑂,𝑖𝑛 − (𝑛̇ 𝐶𝑂,𝑜𝑢𝑡 + 𝑛̇ 𝐻2 ,𝑜𝑢𝑡 ))𝑑𝑡
2

(23)

𝑡𝑠𝑡𝑎𝑟𝑡

In which
•

𝑛𝑂2 ,𝑠𝑡𝑜𝑟𝑒𝑑 is the number of stored oxygen moles

•

𝑛̇ 𝐶𝑂,𝑖𝑛 and 𝑛̇ 𝐶𝑂,𝑜𝑢𝑡 is the molar flow rate of inlet and outlet CO, respectively
[mole/s]
𝑛̇ 𝐻2 ,𝑜𝑢𝑡 is the molar flow rate of outlet H2 [mole/s]

•

The factor of 1/2 comes from the stoichiometry of the CO and H2 reduction
reactions. The calculated results are depicted in Figure 26.

Figure 26. Calculated O2 storage capacity in moles per unit reactor volume

In order to account for the increasing O2 storage capacity with increasing
temperature, temperature dependence of the OSC was implemented by using a
maximum equilibrium coverage equation. When the data in Figure 26 is converted
to number of necessary storage sites and divided by a single constant site density,
the result is an equilibrium coverage. The single constant site density was
eventually calibrated to the measured data in Figure 24, and the resulting
temperature-dependent equilibrium coverage equation took the form of Equation
24. In addition, the expression was implemented in the model to disallow the
adsorption rate from being negative, thereby neglecting any potential O2 desorption.
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𝑒𝑞
𝜃𝐶𝑒
=1−
2 𝑂3

339
𝑇

(24)

The form for this equation was chosen after plotting the O2 storage capacity vs.
1/T, as shown in Figure 27. Plotting the data this way and using a linear fit is useful
because as temperature increases indefinitely, the storage capacity reaches a limit
as indicated by the y-intercept.

Figure 27. Oxygen storage capacity [mole] per unit reactor volume vs. 1/T [K], with
linear fit y = -9839/T + 25.4

Further, because oxygen was fed at an excess concentration of 10%, it was not
possible to use the measured concentration data to extract kinetic information for
the O2 adsorption reaction. Instead of calibrating it, its non-activated rate was set
to be sufficiently fast to avoid imposing an unnecessary burden on the solver to
satisfy the O2 experiments and the NOx reduction calibration.
The O2 reduction reactions, ceria site density, and constant found in Equation
24 were calibrated according to the breakthrough of the CO and H2 concentration
during the lean (O2 storage) phase at all temperatures as shown in Figure 28.
Although O2 reduction with C3H6 was not tested, this reaction would be needed for
the NOx reduction model, so its rate constants were originally set equal to those of
CO reduction, but the pre-exponent multiplier was later decreased to accommodate
the NOx reduction model development. The resulting model shows adequate CO
and H2 reduction of stored O2 in Figure 24.
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Figure 28. Calibration of OSC test considering oxygen storage and reduction over ceria

3.2.3.3 NOx Storage
As previously discussed in Section 3.1 the complex NOx storage phenomena cannot
be modeled using a single storage site due to their complex kinetic behavior nonmonotonic relationship between measured NOx storage capacity and temperature.
Accordingly, a three-site model is developed in this study which is consistent with
the model proposed by Chaugule et al. [69].
Figure 29 shows the NO and NO2 profiles for NOx storage experiments with
300 ppm NO2 and 10% O2 in the feed gas. The NO2 and O2 were shut-off at 30
minutes for 150°C and 45 minutes for 209°C. It can be seen that the NOx storage
capacity has not been saturated even after 45 minutes because the outlet NO and
NO2 concentrations are still increasing. The plots also include a curve for calculated
NO that would result if all NO2 were to store via the single step disproportionation
reaction. The theoretical NO curve shows that at 150°C, initial NO storage is lower
than the experimental one during the first 10 minutes, and as time progresses, the
actual NO outlet concentration approaches the theoretical one. At 209°C, the trend
is similar, although the theoretical NO profile meets the actual one much earlier in
the experiment and matches it for the remainder of the lean duration. These results
confirm the importance of the disproportionation reaction as the dominant pathway
for NO2 storage on a Ba site with larger density. Additionally, at both temperatures,
the time at which the theoretical NO curve does not match the actual one indicates
NO has an appreciable storage pathway that prevents NOx breakthrough for the first
2-3 minutes, during which all NOx is stored and none escapes the outlet of the
reactor. This suggests that the steady state balance between the three sites varies
with temperature. The 150°C results also show the actual NO outlet concentration
is greater than the theoretical curve. The main implication of this observation is that
the disproportionation reaction has to be modeled using the three individual steps
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of Equations 15, 16 and 17 instead of the overall reaction Equation 18 to sufficiently
match this portion of the NO outlet concentration. Finally, insignificant desorption
occurs when the inlet NOx is shut off, which suggests formation of stable Banitrates even at these lower temperatures.

Figure 29. Measured NO and NO2 outlet concentrations for NOx adsorption and
desorption with 300 ppm NO2 in the feed gas, at 150°C (a) and 209°C (b). Green line
shows the theoretical NO outlet concentration if all NO2 stores via the single step
disproportionation reaction

Figure 30 shows the measured NO and NO2 profiles for NOx storage
experiments with 300 ppm NO, 10% O2, 5% CO2, 5% H2O and balanced N2. After
storage sites are saturated with NOx, NO and O2 flows are stopped allowing to better
characterization of isothermal NOx desorption; these times occur at 30 minutes for
150°C, 45 minutes for 209°C, , 30 minutes for 286°C, 15 minutes for 393°C, and 5
minutes for 550°C. The experiment at 209°C was run for the longest duration; even
after 45 minutes, the profiles have not reached steady-state by the end of the lean
feed duration. The profiles at the other four temperatures appear to reach steadystate before the inlet NO is shut off. The plots in Figure 30 suggest a complex
system of NOx storage. At 150°C both NO and NO2 profiles reach steady-state after
8-10 minutes, and moderate desorption profiles from both species are seen after NO
is shut off, suggesting both species store with low storage capacity to the same
relatively small capacity site at this lowest temperature. At 209°C, two storage rates
are seen in both the NO and NO2 profiles as the slopes of outlet NO and NO2
concentration change around 5-7 minutes. These profiles suggest storage on two
different sites at two different rates. The profiles also suggest that both NO and NO2
continue to store on this larger capacity site, albeit at a relatively slow rate, until the
end of the lean feed duration. In addition, the storage to the smaller capacity site in
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the first 5-7 minutes is likely the same site on which storage occurs at 150°C. This
hypothesis is supported because the breakout time is similar at both temperatures,
although the time is somewhat longer at 209°C. Furthermore, because the slope
changes around 5-7 minutes at 209°C occur sooner than the saturation time of 7-10
minutes at 150°C, less NOx can store at this smaller site at 209°C compared to
150°C. This observation suggests either the desorption rate at 209°C is larger than
at 150°C, a mechanism slows the adsorption process, or the stored species are
weaker at 150°C and stronger at 209°C. Given that no desorption profiles appear at
209°C, the first hypothesis is unlikely.

Figure 30. Measured NO (red) and NO2 (blue) profiles from storage and release
experiments with 300 ppm NO, 10% O2 in the feed gas at (a) 150°C, (b) 209°C, (c)
286°C, (d) 393°C, and (e) 550°C. Not shown in (e) is the NO profile peak of 2800 ppm.

Moreover, at 286°C, the delay in the profiles reaching steady-state shows a
large increase in the NOx storage capacity. Figure 30-c suggests NO and NO2
storing to two different sites as the change in their profile slopes occur at different
times, although their breakout times are the same. It can also be seen that, just prior
to NO shut off, the rate of increase in the outlet concentration profiles may still be
slowly increasing. The sum of NO and NO2 concentrations at the end of the storage
duration is 290 ppm; it's unknown whether both species will increase further so
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their sum is equal to the inlet concentration value of 300 ppm or whether both have
reached steady-state and 10 ppm is converted. 286°C shows reappearance of
desorption profile for NO2 after NO is shut off, whereas NO shows no desorption.
At 393°C, NO and NO2 breakout times are the same and their profiles progress
to steady-state in tandem. Given that they reach steady-state much sooner than what
is shown at 286°C, and given the large desorption profiles after NO is shut off,
storage capacity at this temperature is degraded by larger desorption rates. A similar
trend is seen at 550°C in Figure 30-e, where the storage capacity is much less than
at 393°C, and the strong increase in outlet NO concentration when inlet NO is shut
off indicates strong desorption rates.
Data in Figure 29 and Figure 30 were used to calculate the NOx storage capacity
using Equation 25, where tend represents the end of the lean duration, and those
results are reported in Figure 31. Consistent with other studies having reported LNT
NOx storage when feeding NO [70,74], the storage capacity vs. temperature trend
shows a bell shape with the largest storage capacity occurring in the middle
temperature range, with less storage occurring at 550°C than at 150°C. It can also
be seen that the storage capacity is more than three times higher at 150°C when
NO2 is fed to the reactor compared to feeding NO. The largest storage capacity
occurs at 209°C when feeding NO2.
𝑛𝑁𝑂𝑥,𝑠𝑡𝑜𝑟𝑒𝑑 = ∫

𝑡𝑒𝑛𝑑

0

(𝑛̇ 𝑁𝑂𝑥 ,𝑖𝑛 − 𝑛̇ 𝑁𝑂𝑥 ,𝑜𝑢𝑡 )𝑑𝑡

(25)

Figure 31. NOx stored per unit reactor volume for experiments fed with NO (black) and
NO2 (gray).

The NOx storage model was first developed by considering NO oxidation.
Many studies have modeled NO oxidation using detailed kinetics where the
adsorption and desorption of NO, O2, and NO2 on PGM sites are modeled. Because
the objective of this study was to develop a computationally faster running global
reaction mechanism, reversible NO oxidation is treated as reaction on PGM sites,
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where an equilibrium constant was calculated from thermodynamic equilibrium
based on the Gibbs free energy, as defined in Equation 26.
6864
(26)
𝐾𝑒𝑞,𝑁𝑂 = 1.5 ×10−4 exp (
)
𝑇
The NO oxidation rate constants were calibrated to achieve the NO2/NOx ratios
that were achieved at or near steady-state at the low and mid temperatures for the
experiments with NO in the feed. Those NO2/NOx ratios are shown in Figure 32,
which also includes the equilibrium ratio based on the equilibrium constant and the
inlet O2 volume fraction of 10%. It is clear that the NO2/NOx ratios at 393°C and
550°C are at chemical equilibrium, which is why the lower temperatures were used
to calibrate the NO oxidation reaction.

Figure 32. Steady-state NO2/NOx ratios from experiments with NO inlet feed (red)
compared with NO oxidation model prediction (blue), and equilibrium (green).

The NOx storage model and optimized kinetic parameters are contained in
Table 13 and Table 14 which consists of adsorption and desorption on three
different barium sites. Although it is possible that the NOx storage at the lowest
temperature includes storage to ceria [83], for the purpose of developing a
predictive model, the actual components on which NOx stores are inconsequential.
For this reason, all three vacant barium coverages are modeled in the form BaO,
and the three sites are differentiated by BaI, BaII, and BaIII. The calibrated barium
site densities are given in Table 15. In this step, since the number of reactions is
higher with respect to OSC test, it is more difficult to decouple the effect of each
reaction; hence, the reactions are not calibrated one by one, but a group of reactions
should be calibrated at the same time. It is worth noting that primarily a more
complex kinetic scheme was considered which included a higher number of
reactions (more than 50) and after a sensitivity analysis based on rate comparison
the final reduced model, presented in this section, was developed which includes
40 reactions.
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Model calibrated predictions for NO and NO2 for the seven storage experiments
are shown in Figure 33. Reactions with barium site BaI have the largest site density
and uses the single-step disproportionation reaction to match the data with NO2 fed
to the reactor. It may be of interest that using the 3-step disproportion pathway for
storage on BaI allows a better match to the data with NO2 fed to the reactor, but the
single step pathway was selected to reduce the complexity of the mechanism.
Storage on this site is minimal at 150°C when NO is fed to the reactor, but becomes
more significant at 209°C and 286°C when the NO oxidation reaction creates more
NO2. NO storage on BaI is also needed to prevent initial breakthrough during the
runs with NO2 feed. Storage on BaII characterizes the unstable storage of NO as
barium nitrite at 150°C, which strongly desorbs when inlet NO is shut off. Barium
nitrites on this site transition to barium nitrates at 209°C which are more stable and
do not desorb at this temperature.

Figure 33. Model predictions (solid lines) of NO (red) and NO2 (blue) outlet
concentrations during NOx storage compared to measurement (dotted lines) for LNT case
study #1.
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At 286°C, the storage capacity increases and the data in Figure 33 suggest the
introduction of a third site, represented by BaIII. However, a mechanism was needed
to account for the increased storage at this temperature compared to the lower
temperatures. The data suggests that storage to this third site might be inhibited by
the presence of NO at the lower temperatures, thereby preventing a visible effect.
For this reason, NO and NO2 storage to this third site were modeled with an NO
inhibition term with Arrhenius form which appears to be necessary to describe the
competition between this site and BaI site for NO. The inhibition term can be
assumed as Equation 27, in which parameter factor has an Arrhenius form:
𝐺 = 1 + [𝑓𝑎𝑐𝑡𝑜𝑟]𝐶𝑁𝑂

(27)

In order to remove the effect of the mentioned reaction on temperatures lower
than 286 °C, it is required to find the “minimum” value for factor (as a constant)
such that the lower temperature cases results are un-affected by the introduction of
the mentioned reaction. It is stated “minimum”; since as parameter factor becomes
higher the inhibition term tends to infinity; thus resulting in a zero reaction rate.
Therefore, for a better calibration, it is required to find the smallest value.
Afterwards, the “maximum” value for parameter factor is found such that at
temperatures higher than 286 °C, for example 393 °C, the experimental data are
matched with predictions. Finally, the Arrhenius plot is sketched for 193 and 247
℃ considering the corresponding values for factor and the pre-exponent multiplier
and the activation temperature is found for the inhibition function.
The summary of the mentioned calibration procedure for this example is
expressed in Figure 34.

Figure 34. Summary of calibration of an inhibition term for an example in which a
reaction should be considered for temperatures higher than 286 °C and should be
deactivated for lower temperatures (temperature steps as: 150, 209, 286, 393 and 550 °C)
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Table 13. NO oxidation and NOx storage reactions for LNT case study #1

#

6

Reaction

𝑁𝑂 + 0.5𝑂2 → 𝑁𝑂2

Rate Expression

𝑟6 = 𝑘6

𝐶𝑁𝑂
𝐶𝑁𝑂 𝐶𝑂0.5
−𝐾 2
2

𝑒𝑞,𝑁𝑂

𝐺1
𝑘7 𝐶𝑁𝑂2 𝜃𝐵𝑎𝐼𝑂
𝐺3

7

𝐵𝑎𝐼 𝑂 + 3𝑁𝑂2 → 𝐵𝑎𝐼 (𝑁𝑂3 )2 + 𝑁𝑂

8

𝐵𝑎𝐼 (𝑁𝑂3 )2 → 𝐵𝑎𝐼 𝑂 + 2𝑁𝑂2 + 0.5𝑂2

𝑟8 = 𝑘8 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2

9

𝐵𝑎𝐼𝐼 𝑂 + 3𝑁𝑂2 → 𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 + 𝑁𝑂

𝑟9 = 𝑘9 𝐶𝑁𝑂2 𝜃𝐵𝑎𝐼𝐼𝑂

10

𝐵𝑎𝐼𝐼 𝑂 + 2𝑁𝑂 + 0.5𝑂2 → 𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2

𝑟10 = 𝑘10 𝐶𝑁𝑂 𝐶𝑂2 𝜃𝐵𝑎𝐼𝐼𝑂

11

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 → 𝐵𝑎𝐼𝐼 𝑂 + 2𝑁𝑂 + 0.5𝑂2

𝑟11 = 𝑘11 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

12

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 𝑂2 → 𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2

𝑟12 = 𝑘12 𝐶𝑂2 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

13

𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 → 𝐵𝑎𝐼𝐼 𝑂 + 2𝑁𝑂2 + 0.5𝑂2

𝑟13 = 𝑘13 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂3 )2

14

𝐵𝑎𝐼𝐼𝐼 𝑂 + 2𝑁𝑂 + 1.5𝑂2 → 𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2

𝑟14 =

𝑘14 𝐶𝑁𝑂 𝐶𝑂2 𝜃𝐵𝑎𝐼𝐼𝐼𝑂
𝐺4

15

𝐵𝑎𝐼𝐼𝐼 𝑂 + 2𝑁𝑂2 + 0.5𝑂2 → 𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2

𝑟15 =

𝑘15 𝐶𝑁𝑂2 𝐶𝑂2 𝜃𝐵𝑎𝐼𝐼𝐼𝑂
𝐺5

16

𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 2𝑁𝑂 + 1.5𝑂2

𝑟16 = 𝑘16 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

17

𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 2𝑁𝑂2 + 0.5𝑂2

𝑟17 = 𝑘17 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

𝐺3 = 1 + 1.19×10−20 exp(22121/𝑇) 𝐶𝑁𝑂
𝐺4 = 1 + 2.26×10−4 exp(10190/𝑇) 𝐶𝑁𝑂
𝐺5 = 1 + 9.2×10−13 exp(20740/𝑇) 𝐶𝑁𝑂

𝑟7 =
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Table 14. Kinetic parameters obtained for NO oxidation and NOx storage reactions of
LNT case study #1

#

Pre-exponent Multiplier Activation Energy [J/mol]

6

5.25E4

39400

7

0.2

0

8

5.83E14

190100

9

3.1

0

10

1.2

0

11

0.032

12

1480

66200

13

2E12

185000

14

15

0

15

12

0

16

1.12E16

257000

17

1.4E7

133000

21400(1 − 0.7𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2 )

Table 15. Site densities used in the turnover number based reaction model for LNT case
study #1

Site
PGM
Ce
BaI
BaII
BaIII

Site Density [mol/m3]
2.0
109
60
14
16

The final NOx storage mechanism developed for this study is illustrated in
Figure 35. In summary, three barium sites with different site densities are required
to describe the behaviour of the system regarding NOx storage at different
temperature levels. Specifically, the site densities of BaI and BaII in addition to the
reactions taking place on them are characterized focusing on the low temperature
experiments, 150 and 209°C. Afterwards, site density of BaIII and the kinetic
parameters of the reactions taking place on BaIII are calibrated according to medium
to high temperature measurements. In addition, an NO inhibition term is required
to be defined and characterized such that the results of lower temperature cases (150
and 209°C) are preserved.
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Figure 35. Schematic of NOx storage sites and pathways developed

3.2.3.4 NOx Reduction
The lean part of the NOx reduction experiments is identical to the NOx storage
experiments. However, at the end of the storage phase, one of the reductants (H2,
CO, or C3H6) is introduced to recover the storage capacity of the catalyst which
was previously saturated with stored NOx in the form of nitrates and nitrites during
the lean phase [62,84].
N2O and NH3 are by-products of the NOx regeneration [76,85,86]. There are
several global NOx reduction mechanisms reported in the literature that include
different combinations of reductants and potential product species. Güthenke et al.
[72] used a global kinetic model in which the reductant reacted with stored NOx and
produced N2 and gaseous NOx which could be further reduced to N2 over the
precious metal. Kočí et al. [70,74] developed another global kinetic model in which
NH3 was generated primarily by reduction of stored NOx with H2 and was further
acting as an active intermediate to reduce the remaining stored or released NOx,
which could explain the delayed ammonia release [87]. The previous models did
not give any information about the nitrous oxide production, while in a more
advanced model, Kočí et al. [75] proposed a reaction step in which N2O was another
byproduct of reaction of NH3 with stored NOx. Although ammonia oxidation
through stored oxygen could also lead to nitrous oxide formation, it was
demonstrated that ammonia oxidation is more selective to nitrogen formation [88].
This pathway in [88] gives the possibility to predict nitrous oxide production before
ammonia breakthrough [75,76,89], which is the aim of the model proposed in the
present study. An example of the complex evolution of products during
regeneration is shown in Figure 36, which includes the measured outlet
concentrations of NOx, H2, NH3 and N2O at 150 °C when hydrogen is used as the
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primary reductant. Upon the switch to rich conditions at 1800 seconds, NO and N2O
are released from the catalyst. The outlet concentrations of these species decrease,
and eventually NH3 breakthrough is observed as they drop to zero. Finally, H2
breaks through as the NH3 concentration decreases. An accurate regeneration model
must capture all of these features.

Figure 36. Experimental outlet concentration of NOx, H2, NH3 and N2O during LNT
regeneration by H2 at 150 °C for LNT case study #1

A NOx reduction model is presented in Table 16 and Table 17. In the current
model reductants (H2, CO and C3H6) react with stored NOx on the three barium sites
and produce gaseous NO or N2. Furthermore, when H2 is the primary reductant,
ammonia is produced through reduction of barium nitrates with H2 and acts as a
secondary reductant and cleans stored NOx from barium sites resulting in gaseous
NO, N2 and N2O. It is important to note that due to the presence of CO2 and H2O in
the inlet feed, water gas shift and steam reforming reactions are important
inclusions to the model.
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Table 16. NOx Reduction reaction on barium sites for LNT case study #1

Reaction

#
18

𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 +

10
8
𝑁𝐻3 → 𝐵𝑎𝐼𝐼 𝑂 + 𝑁2 + 5𝐻2 𝑂
3
3

Rate Expression
𝑟18 = 𝑘18 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂3 )2

19

𝐵𝑎𝐼 (𝑁𝑂3 )2 + 8𝐻2 → 𝐵𝑎𝐼 𝑂 + 2𝑁𝐻3 + 5𝐻2 𝑂

𝑟19 = 𝑘19 𝐶𝐻2 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2

20

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 6𝐻2 → 𝐵𝑎𝐼𝐼 𝑂 + 2𝑁𝐻3 + 3𝐻2 𝑂

𝑟20 = 𝑘20 𝐶𝐻2 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

21

𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 + 8𝐻2 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 2𝑁𝐻3 + 5𝐻2 𝑂

𝑟21 = 𝑘19 𝐶𝐻2 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

22

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 𝑁𝐻3 → 𝐵𝑎𝐼𝐼 𝑂 + 1.5𝑁2 𝑂 + 1.5𝐻2 𝑂

𝑟22 = 𝑘22 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

23

2
12
3
𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 𝑁𝐻3 → 𝐵𝑎𝐼𝐼 𝑂 + 𝑁𝑂 + 𝐻2 𝑂
5
5
5

𝑟23 = 𝑘23 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

24

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 2𝑁𝐻3 → 𝐵𝑎𝐼𝐼 𝑂 + 2𝑁2 + 3𝐻2 𝑂

𝑟24 = 𝑘24 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

25

6
16
9
𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 + 𝑁𝐻3 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 𝑁𝑂 + 𝐻2 𝑂
5
5
5

𝑟25 = 𝑘25 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

26

𝐵𝑎𝐼 (𝑁𝑂3 )2 + 5𝐶𝑂 → 𝐵𝑎𝐼 𝑂 + 5𝐶𝑂2 + 𝑁2

𝑟26 = 𝑘26 𝐶𝐶𝑂 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2

27

𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 + 5𝐶𝑂 → 𝐵𝑎𝐼𝐼 𝑂 + 5𝐶𝑂2 + 𝑁2

𝑟27 = 𝑘27 𝐶𝐶𝑂 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂3 )2

28

𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 + 5𝐶𝑂 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 5𝐶𝑂2 + 𝑁2

𝑟28 = 𝑘28 𝐶𝐶𝑂 𝜃𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2

29

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 𝐶𝑂 → 𝐵𝑎𝐼𝐼 𝑂 + 𝐶𝑂2 + 2𝑁𝑂

𝑟29 = 𝑘29 𝐶𝐶𝑂 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

30

5
5
5
𝐵𝑎𝐼 (𝑁𝑂3 )2 + 𝐶3 𝐻6 → 𝐵𝑎𝐼 𝑂 + 𝐶𝑂2 + 𝐻2 𝑂 + 𝑁2
9
3
3

𝑟30 = 𝑘30 𝐶𝐶3 𝐻6 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2

31

1
𝐵𝑎𝐼 (𝑁𝑂3 )2 + 𝐶3 𝐻6 → 𝐵𝑎𝐼 𝑂 + 𝐶𝑂2 + 𝐻2 𝑂 + 2𝑁𝑂
3

𝑟31 = 𝑘31 𝐶𝐶3 𝐻6 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2
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32

5
5
5
𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 + 𝐶3 𝐻6 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 𝐶𝑂2 + 𝐻2 𝑂 + 𝑁2
9
3
3

𝑟32 = 𝑘32 𝐶𝐶3 𝐻6 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

33

1
𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 + 𝐶3 𝐻6 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 𝐶𝑂2 + 𝐻2 𝑂 + 2𝑁𝑂
3

𝑟33 = 𝑘33 𝐶𝐶3 𝐻6 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

Table 17. PGM reactions participating in NOx reduction for LNT case study #1

#

Reaction

Rate Expression

34

3
5
3
𝑁𝐻3 + 𝑁𝑂 → 𝑁2 + 𝐻2 𝑂
2
4
2

𝑟34 =

𝑘34 𝐶𝑁𝐻3 𝐶𝑁𝑂
𝐺1

35

1
𝐶𝑂 + 𝑁𝑂 → 𝐶𝑂2 + 𝑁2
2

𝑟35 =

𝑘36 𝐶𝐶𝑂 𝐶𝑁𝑂
𝐺1

36

4
7
𝑁𝑂2 + 𝑁𝐻3 → 𝑁2 + 2𝐻2 𝑂
3
6

𝑟36 =

𝑘36 𝐶𝑁𝑂2 𝐶𝑁𝐻3
𝐺1

37

1
1
𝐶𝑂 + 𝑁𝑂2 → 𝐶𝑂2 + 𝑁2
2
4

𝑟37 =

𝑘37 𝐶𝐶𝑂 𝐶𝑁𝑂2
𝐺1

38

𝐶3 𝐻6 + 3𝐻2 𝑂 → 3𝐶𝑂 + 6𝐻2

𝑟38 =

𝑘38 𝐶𝐶3 𝐻6 𝐶𝐻2 𝑂
𝐺1

39

9
𝐶3 𝐻6 + 9𝑁𝑂 → 3𝐶𝑂2 + 3𝐻2 𝑂 + 𝑁2
2

𝑟39 =

𝑘39 𝐶𝐶3 𝐻6 𝐶𝑁𝑂
𝐺1

40

𝐶3 𝐻6 + 18𝑁𝑂 → 3𝐶𝑂2 + 3𝐻2 𝑂 + 9𝑁2 𝑂

𝑟40 =

𝑘40 𝐶𝐶3 𝐻6 𝐶𝑁𝑂
𝐺1

The optimized kinetic parametes found through calibration are reported in
Table 18.
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Table 18. Kinetic parameters for NOx Reduction reactions of LNT case study #1

#

Pre-exponent Multiplier

Activation Energy [J/mol]

18

8

3300

19

8.6E8

85590

20

14

2750

21

1.2E8

85590

22

6.2

1980

23

7.95

3300

24

2.4E6

59800

25

1.5E18

206400

26

1.4

19900

27

3896

39700

28

3896

39700

29

7.3

2580

30

3.6

2780

31

2.7E7

67000

32

1.8

2780

33

2.18E16

193500

34

1E16

124500

35

1E10

62300

36

5.7E6

16200

37

1E11

62300

38

6E8

89200

39

3E10

74400

40

56700

16200

3.2 Lean NOx Trap – Case Study 1

81

The modeling objective was to match the predicted outlet concentrations of
NOx (including NO and NO2), ammonia, N2O and reductants with the experimental
data during the rich pulse. The results of NOx reduction experiments considering
H2, CO and C3H6 used as primary reductants are shown Figure 37, Figure 38 and
Figure 39 respectively. It is worth noting that, for all three reductants, the predicted
NO and NO2 concentrations during regeneration phase matches well with the
experimental data.
In detail, NOx conversion efficiency versus temperature is plotted in Figure 40,
which is calculated based on Equation 28.
𝑡𝑒𝑛𝑑

𝑁𝑂𝑥 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 1 −

∫𝑡

𝑠𝑡𝑎𝑟𝑡

𝑡𝑒𝑛𝑑

(𝑛̇ 𝑁𝑂𝑥 ,𝑜𝑢𝑡 )𝑑𝑡

∫𝑡𝑠𝑡𝑎𝑟𝑡 (𝑛̇ 𝑁𝑂𝑥 ,𝑖𝑛 )𝑑𝑡

(28)

The maximum conversion is observed for intermediate temperatures, between
286 and 393 °C, as reported by several authors [57,74,75]. In addition, it has been
found that C3H6 is less efficient than CO and H2 in abating NOx slip during
reduction, which is consistent with the literature findings [90–92]. Furthermore,
even when CO and C3H6 are used as the primary reductants as in Figure 38 and
Figure 39, the main share of regeneration is carried out by H2 as a result of WGS
and steam reforming reactions, specifically at higher temperatures where H2
production is favored. For example, the steady H2 concentration at 393 °C is around
1000 ppm both for CO and C3H6 reductants, as seen in Figure 38 and Figure 39,
thus confirming almost complete consumption of primary reductants.
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Figure 37. NOx reduction calibrated simulation model in comparison with experimental
data when H2 is used as the reductant, CO and H2 concentrations are referred to right axis
and other species are referred to left axis; LNT case study #1
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Figure 38. NOx reduction calibrated simulation model in comparison with experimental
data when CO is used as the reductant, CO and H2 concentrations are referred to right axis
and other species are referred to left axis; LNT case study #1

Figure 39. NOx reduction calibrated simulation model in comparison with experimental
data when C3H6 is used as the reductant, CO and H2 concentrations are referred to right
axis and other species are referred to left axis; LNT case study #1

NH3 production is the highest at 209 °C both for CO and H2 reductant
experiments. Because H2 is the main source of ammonia production, the highest
NH3 slip is observed when the primary reductant is H2 [85,90]. Lindholm et al. [93]
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evaluated the effect of H2 concentration on ammonia production and observed that
higher ammonia slip is detected when higher feed concentrations of hydrogen. In a
similar study, Kočí et al. [74] concluded that the highest ammonia production is
detected at around 200 °C, while at higher temperatures ammonia consumption
reactions become faster.
Regarding nitrous oxides, it is observed that N2O formation has highest
selectivity at lower temperatures [93,94]. Lindholm et al. [93] observed that the
amount of N2O generated is more favored at lower temperatures. In a similar study
by Kočí [75], it was concluded that maximum nitrous oxide yield occurs at
temperatures below 300 °C. On the other hand, N2O production is limited when
C3H6 is used, which is consistent with the outcome of the work done by Abdulhamid
et al. [85]. Moreover, generation of NH3 and N2O are predicted accurately with
respect to experimental results, with NH3 breakthrough occurring after N2O
disappears.

Figure 40. Integral NOx conversion efficiency for different reductants H2, CO and C3H6;
LNT case study #1

3.3 Lean NOx Trap – Case Study 2
In order to test the kinetic model robustness, the performance of another type of
LNT catalyst was studied both experimentally and numerically. The analysis was
performed with a core sample from an LNT monolith (cordierite, 400 cpsi) used for
diesel passenger car applications.

3.3.1 Experimental Set-up
The lab scale samples were obtained from a full-scale monolith as it can be observed
in Figure 41, such that the diameter of the sample does not exceed 18.5 mm. The
experiments were performed on an oven aged core. It is worth noting that the
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catalyst technology in terms of PGM ratio and loading and component composition
is different from the one of case study #1; however, due to confidentiality reasons
more details are not reported.

Figure 41. Extraction of LNT case study #2 lab scale samples from full scale monolith

The main characteristics of the sample are reported in Table 19.
Table 19. Main characteristics of the LNT under investigation in case study #2

Characteristic

Unit

Substrate material

Value
-

Cell density

cpsi

Wall thickness

mil, (mm)

Dimensions
(short radius x long radius x length)
PGM loading
PGM ratio (Pt:Pd:Rh)

Cordierite
400
4, (0.1016)

mm

68.58 x 68.58 x 96.6

g/ft3

120
-

103:12:5

The experimental activity was performed at ACA – Center for Automotive
Catalytic Systems of the RWTH Aachen University through a laboratory gas bench,
shown in Figure 42-a. The sample is put into an isothermal cylindrical reactor and
the reactor core sample size should have a diameter around 18 mm and a length in
the range of 50 to 180 mm. The gases were mixed from compressed gas cylinders
using mass flow controllers. It is important to note that inlet concentrations were
not measured during the tests; although, a by-pass flow at the beginning and at the
end of each test is used to measure the composition of the inlet mixture. Therefore,
in the simulations the nominal values reported in the test protocols are imposed.
As depicted in Figure 42-b, two thermocouples, 0.5 mm diameter each, are
mounted in the gas flow upstream, TUS, and downstream, TDS, of the sample.
Moreover, the temperatures at the sample central channel inlet, T1, middle (3 radial
positions, T2, T4, T5), and outlet, T3, have also been measured.
Gas concentration measurements were performed with a multicomponent FTIR
with 1 Hz sampling frequency. Moreover, lambda evaluation was performed via
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Lambdasonde (UEGO) and calculation from feed gas. Since H2 measurements were
not available downstream of the catalyst, the predicted catalyst outlet H2
concentration from simulation model could be validated only indirectly by checking
the other species concentrations.

Figure 42. Experimental setup: schematic view of laboratory gas bench for case study #2
(a) and thermocouple locations on the lab scale sample (b)

3.3.2 Test Protocols
The SGB test protocols are similar to the ones defined for case study #1 with minor
changes. The isothermal tests are performed at constant standard space velocity of
30,000 1/hr, measured at 273.15 K and 101325 Pa. The tests can be categorized in
three main groups: light-off tests, OSC and NSR.
3.3.2.1 Oxygen Storage Capacity (OSC)
The OSC experiment is performed at a space velocity of 30,000 1/hr, measured at
273.15 K and 101325 Pa with a sufficient pre-reduction with H2 prior to each test
run, around 900 seconds. Five inlet temperatures, starting from 150 °C to 450 °C
are tested.
Identical to case study #1, OSC consists of a lean phase and a short rich phase
by introduction of CO as the reducing agent. In this case, overlap between feeding
oxygen and CO simultaneously is avoided by waiting to feed CO until oxygen is
completely shut-off. The inlet gas composition is presented in Table 20.
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Table 20. Inlet gas composition for OSC experiments in LNT case study #2
(concentrations on volume basis)

Species

Lean phase (60 s)

Rich phase (30 s)

CO [ppm]

0

20000

O2 [%]

0.5

0

CO2 [%]

5

0

H2O [%]

10

10

N2

Balance

Balance

3.3.2.2 NOx Storage and Reduction (NSR)
The NSR test is carried out at a space velocity of 30,000 1/hr, measured at 273.15
K and 101325 Pa with a sufficient pre-reduction with H2 prior to each test run,
around 900 seconds. Five inlet temperatures, starting from 150 °C to 400 °C, are
tested which are equally spaced in 1/T, where T is in K. Similar to case study #1,
the experiment is ideally repeated at each temperature using H2, CO, and HC
(represented by propylene, C3H6) as reductant for each step. The inlet gas
composition for lean/rich cycle is reported in Table 21. NOx is fed during the lean
phase together with O2 and after around 1000 seconds, NOx and O2 flows are shutoff and reductants in separate steps, H2, CO and C3H6, are injected with the aim to
clean-off the NOx storage sites. Since engine-out NOx emission mainly consists of
NO, in the NSR test protocol inlet NOx only includes NO, although NO2
adsorption/desorption kinetics can be indirectly characterized due to production of
NO2 from oxidation of NO. An example of measured NOx during NSR experiment
in which H2 is used as the primary reductant is presented in Figure 43.
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Figure 43. Measured NO and NO2 profiles from NSR experiments with 300 ppm NO feed
during lean phase and 1000 ppm H2 during rich phase; LNT case study #2

The inlet gas feed composition is expressed in Table 21 in volume basis. Similar
to case study #1, the reductant concentrations were selected such that the NOx
reduction potential constant is held constant, i.e. around 110 ppm of C3H6 can
reduce the same quantity of NOx as 1000 ppm H2 based on reaction stoichiometry.
Table 21. Inlet gas composition for NSR experiments in LNT case study #2
(concentrations on volume basis)

Species

Lean

Rich, H2

Rich, CO

Rich, HC

Reductant [ppm]

0

1000

1000

110

O2 [%]

10

0

0

0

CO2 [%]

5

0

0

0

H2O [%]

5

5

5

5

NO [ppm]

300

0

0

0

N2

Balance

Balance

Balance

Balance
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3.3.2.2 Light-off
The light-off behavior of the catalyst during warm-up can be examined by means
of light-off experiments through a temperature ramp cycle which gives the
possibility to predict the CO and HC oxidation rates on the noble metal component
as a function of the catalyst temperature [95]. The temperature ramp cycle starts
from 125°C to 300°C at a rate of 3 K/min. The experiment is performed at a space
velocity of 40,000 1/hr with the inlet feed composition shown in Table 22. HCs are
specified on a C3 basis and consist of a 2:1 molar ratio of propane (C3H8),
representative of slow oxidizing HC, to propylene (C3H6), representative of fast
oxidizing HC.
Table 22. Inlet gas composition for light-off experiments in LNT case study #2
(concentrations on volume basis)

Species

Composition

HC [ppmC3]

400

CO [ppm]

300

H2 [ppm]

60

O2 [%]

10

CO2 [%]

5

H2O [%]

5

N2

Balance

3.3.3 Kinetic model development and calibration guideline
The LNT model was built at first for the reactor scale sample, i.e. for a cylinder of
18 mm diameter and a length of 96.6 mm, corresponding to the full monolith length.
The reaction mechanism is a global-type surface reaction mechanism using
turnover number reaction rate format, expressed in units of mol/mol-site/sec, where
mol-site is the active site density participating in the reaction. The model
incorporates the NO oxidation, NOx adsorption/desorption on barium sites, oxygen
storage on ceria and NOx reduction reactions in addition to WGS and steam
reforming reaction taking place over PGM. Similar to LNT case study #1, total of
five sites participate in the reaction: ceria, three different barium sites, and Platinum
Group Metals (PGM). The kinetic parameters including site densities, pre-exponent
multipliers and activation energies, of Arrhenius term, were calibrated with the aim
to match the simulation results with measurement data. Details about model set-up
and assumptions can be found in Section 3.2.
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In steps such as OSC and NSR, the calibration procedure is identical to the one
in the LNT case study #1, which is described in Section 3.2, while more details will
be provided regarding light-off tests calibration, which was not included in the test
protocols listed for the LNT case study #1.
3.3.3.1 Oxygen Storage and Reduction
The reaction model of the OSC test includes Water Gas Shift (WGS) reaction
on the precious metal, storage of oxygen and its reduction via CO, H2 and C3H6 on
ceria sites, as reported in Table 11. As far as ceria site cleaning with H2 and HC,
Reaction #4 and Reaction #5, is considered, the rate constants are later tuned to to
accommodate the NOx reduction model development; since the OSC test protocol
did not include tests with H2 and C3H6 used as the reductant. The optimized preexponent multipliers and activation energies for OSC reaction model are expressed
in Table 23 and Table 24.
Table 23. WGS and oxygen storage and reduction reactions for LNT case study #2

#

1

Reaction

Rate Expression
𝐾𝑒𝑞,𝑊𝐺𝑆

𝐻2 𝑂 + 𝐶𝑂 ↔

𝐶𝑂2 + 𝐻2

𝑟1 =

𝐶𝐶𝑂 𝐶𝐻
𝑘1 𝐶𝐶𝑂 𝐶𝐻2 𝑂 − 𝐾 2 2
𝑒𝑞,𝑊𝐺𝑆

𝐺1

𝑒𝑞
𝑟2 = 𝑘2 𝐶𝑂2 (𝜃𝐶𝑒
− 𝜃𝐶𝑒2 𝑂3 )
2 𝑂3

2

𝐶𝑒2 𝑂3 + 0.5𝑂2 → 2𝐶𝑒𝑂2

3

2𝐶𝑒𝑂2 + 𝐶𝑂 → 𝐶𝑒2 𝑂3 + 𝐶𝑂2

4

2𝐶𝑒𝑂2 + 𝐻2 → 𝐶𝑒2 𝑂3 + 𝐻2 𝑂

𝑟4 = 𝑘4 𝐶𝐻2 𝜃𝐶𝑒𝑂2

5

1
1
1
2𝐶𝑒𝑂2 + 𝐶3 𝐻6 → 𝐶𝑒2 𝑂3 + 𝐻2 𝑂 + 𝐶𝑂2
9
3
3

𝑟5 = 𝑘5 𝐶𝐶3 𝐻6 𝜃𝐶𝑒𝑂2

𝐺1 = (1 + 9.467 exp (

𝑟3 = 𝑘3 𝐶𝐶𝑂 𝜃𝐶𝑒𝑂2

2
63.451
−215.34
9715.6 2 2
−6206.9
) 𝐶𝐶𝑂 + 274.82 exp (
) 𝐶𝐶3 𝐻6 ) (1 + 0.00061 exp (
) 𝐶𝐶𝑂 𝐶𝐶3 𝐻6 ) (1 + 5.554𝐸6 exp (
) 𝐶𝑁𝑂 )
𝑇
𝑇
𝑇
𝑇
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Table 24. Kinetic parameters for WGS and oxygen storage and reduction reactions of
LNT case study #2 and comparison with LNT case study #1

Pre-Exponent Multiplier

Activation Energy (J/mol)

#
Case study #2 Case study #1

Case study #2

Case study #1

1

8.12E8

3.24𝐸6

73430

61000

2

1.8

0.1

0

0

3

3.2

3.2

1800(1 − 0.9𝜃𝐶𝑒𝑂2 )

1800(1 − 0.9𝜃𝐶𝑒𝑂2 )

4

12.6

12.6

2900(1 − 0.7𝜃𝐶𝑒𝑂2 )

2900(1 − 0.7𝜃𝐶𝑒𝑂2 )

5

15

0.06

1800(1 − 0.9𝜃𝐶𝑒𝑂2 )

1800(1 − 0.9𝜃𝐶𝑒𝑂2 )

Similar to case study #1, the calibration is started from WGS reaction. In this
case, due to the fact that H2 measurement was not available, the amount of produced
H2 was estimated from CO2 production during rich pulse; considering that each
produced mole of CO2 is equivalent to one mole of H2 according to stoichiometry
of water gas shift reaction. The results of OSC calibration model for each inlet
temperature are shown in Figure 44, considering that the start of the rich phase is
characterized by the injection of CO as the reductant.
The production of CO2 as a result of water gas shift reaction is predicted with
good accuracy, which increases by increasing temperature, such that at higher
temperatures all CO is converted to H2 and CO2 and at the highest temperature level,
the water gas shift reaction is controlled by equilibrium. Moreover, CO
breakthrough which takes into account the stored O2 clean-off from ceria sites
matches the experimental data with satisfactory accuracy. More details about model
assumptions and calibration guideline can be found in Section 3.2.
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Figure 44. Measured outlet concentration for one cycle of the oxygen storage and
reduction experiments at (a) 150°C, (b) 209°C, (c) 286°C, (d) 393°C, (e) 550°C for LNT
case study #2

3.3.3.2 NOx Storage and Reduction
Despite availability of experimental data for LNT case study #1 for pure NO x
adsorption/desorption decoupled with reduction, in this case NOx storage and
reduction tests are performed in a single test; therefore, during the lean phase (NOx
feeding) NOx storage reactions can be calibrated and afterwards, when NOx feeding
is stopped and reductants are inject, by focusing on rich phase, NOx reduction
reactions
NOx storage capacity has been calculated using the data presented in Figure 43
and according to Equation 29 in which 𝑡𝑁𝑂𝑥 ,𝑠𝑡𝑜𝑝 represents the time at which NOx
feeding is stopped, lean duration. NOx storage capacity is depicted in Figure 45
which shows a bell shape behavior [70,74] with maximum storage occurring at
medium temperatures, which is consistent with the results obtained for LNT case
study #1, Section 3.2. It is worth mentioning that in this case the lean duration is
fixed and equal for all temperature steps, which is in contrast to LNT case study #1,
in which lean duration was altered at different temperatures such that saturation was
reached.

3.3 Lean NOx Trap – Case Study 2
𝑛𝑁𝑂𝑥,𝑠𝑡𝑜𝑟𝑒𝑑 = ∫

𝑡𝑁𝑂𝑥 ,𝑠𝑡𝑜𝑝

0
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(𝑛̇ 𝑁𝑂𝑥 ,𝑖𝑛 − 𝑛̇ 𝑁𝑂𝑥 ,𝑜𝑢𝑡 )𝑑𝑡

(29)

Figure 45. NOx stored per unit reactor volume for LNT case study #2

Similar to the model represented for NOx storage in Section 3.2 for the LNT
case study #1, a three-site model, differentiated by BaI, BaII and BaIII and site
densities expressed in Table 25, is developed with the reactions and kinetic
parameters reported in Table 26 and Table 27. The calibration procedure is identical
to the one presented in Section 3.2 for the LNT case study #1. More details about
calibration procedure, the rationality of selection of proposed reaction pathways
and different sites can be found in Section 3.2.
Table 25. Site densities in the turnover number based reaction model; LNT case study #2

Site

Site Density [mol/m3]
Case study #1

Case study #2

PGM

2.2

2.0

Ce

80

109

35

60

BaII

10

14

BaIII

9

16

Ba

I

Comparing the site densities calculated for the LNT case study #2, Table 25,
with the ones obtained for the LNT case study #1, it can be appreciated that the
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storage capacity is expected to be lower for the LNT case study #2 which can also
be confirmed comparing the storage curves and Figure 31 and Figure 45, with
maximum values of 120 (#1) and 60 (#2) mol/m3, respectively.
Table 26. NO oxidation and NOx storage reactions for LNT case study #2

#

Reaction

Rate Expression

𝑁𝑂 + 0.5𝑂2 → 𝑁𝑂2

6

𝑟6 = 𝑘6

𝐶𝑁𝑂
𝐶𝑁𝑂 𝐶𝑂0.5
−𝐾 2
2

𝑒𝑞,𝑁𝑂

𝐺1

7

𝐵𝑎𝐼 𝑂 + 3𝑁𝑂2 → 𝐵𝑎𝐼 (𝑁𝑂3 )2 + 𝑁𝑂

𝑟7 = 𝑘7 𝐶𝑁𝑂2 𝜃𝐵𝑎𝐼𝑂

8

𝐵𝑎𝐼 𝑂 + 2𝑁𝑂 + 1.5𝑂2 → 𝐵𝑎𝐼 (𝑁𝑂3 )2

𝑟8 = 𝑘8 𝐶𝑁𝑂 𝐶𝑂0.1
𝜃 𝐼
2 𝐵𝑎 𝑂

9

𝐵𝑎𝐼 (𝑁𝑂3 )2 → 𝐵𝑎𝐼 𝑂 + 2𝑁𝑂 + 1.5𝑂2

𝑟9 = 𝑘9 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2

10

𝐵𝑎𝐼𝐼 𝑂 + 3𝑁𝑂2 → 𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 + 𝑁𝑂

𝑟10 = 𝑘10 𝐶𝑁𝑂2 𝜃𝐵𝑎𝐼𝐼𝑂

11

𝐵𝑎𝐼𝐼 𝑂 + 2𝑁𝑂 + 0.5𝑂2 → 𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2

𝑟11 = 𝑘11 𝐶𝑁𝑂 𝐶𝑂0.1
𝜃 𝐼𝐼
2 𝐵𝑎 𝑂

12

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 → 𝐵𝑎𝐼𝐼 𝑂 + 2𝑁𝑂 + 0.5𝑂2

𝑟12 = 𝑘12 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

13

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 𝑂2 → 𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2

𝑟13 = 𝑘13 𝐶𝑂0.1
𝜃 𝐼𝐼
2 𝐵𝑎 (𝑁𝑂2 )2

14

𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 → 𝐵𝑎𝐼𝐼 𝑂 + 2𝑁𝑂2 + 0.5𝑂2

𝑟14 = 𝑘14 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂3 )2

𝐼𝐼𝐼

𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2

15

𝐵𝑎 𝑂 + 2𝑁𝑂 + 1.5𝑂2 →

16

𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 2𝑁𝑂 + 1.5𝑂2

𝐺2 = 1 + 0.0001675213 exp(8952.6/𝑇) 𝐶𝑁𝑂

𝑟15

𝑘15 𝐶𝑁𝑂 𝐶𝑂0.1
𝜃 𝐼𝐼𝐼
2 𝐵𝑎 𝑂
=
𝐺2

𝑟16 = 𝑘16 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2
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Table 27. Kinetic parameters for NO oxidation and NOx storage; LNT case study #2
compared with identical reactions present in kinetic scheme of LNT case study #1

#

Pre-exponent Multiplier
Case study #2

6

3.4E4

7

Case study #1

Activation Energy [J/mol]
Case study #2

Case study #1

39400

39400

0.8

5.25E4
0.2

0

0

8

0.21

-

0

-0

9

128

-

60690

-

10

3.1

3.1

0

0

11

2.1

1.2

0

0

12

0.032

0.032

21400 (1 − 0.7𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2 )

13

4660

1480

66200

66200

14

7.94E6

2E12

109560

185000

15

12.6

12

0

0

16

2.24E15

1.12E16

257000

257000

21400 (1 − 0.7𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2 )

Preliminary analysis on the measured data, suggests a reaction model similar to
the one proposed for case study #1, Section 3.2. As it can be appreciated from
Figure 46, the delayed ammonia slip with respect to other species suggests a
pathway through which ammonia is generated from reaction of primary reductant
with stored NOx which is further consumed as a secondary reductant to reduce
remaining stored NOx to N2, NOx or N2O as by-product; this assumption is coherent
with the model proposed by Kočí et al. [70,74], Shwan et al. [76] and Lindholm et
al. [89] and the one used in Section 3.2 for LNT case study #1.

Figure 46. Experimental outlet concentration of NOx, NH3 and N2O during LNT
regeneration by H2 at 150 °C for LNT case study #2
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Considering the abovementioned observations, a NOx reduction model is
reported in Table 28 and Table 29 through which NOx stored in the form of nitrates
and nitrites will be converted to gaseous NOx, N2 or NH3 and N2O as by-products
and therefore the storage sites would be cleaned-off. The calibration is performed
with the aim to minimize the difference between predicted and measured outlet
concentrations of different species with the procedure explained in Section 3.2. The
optimized kinetic parameters are reported in Table 30.
Table 28. NOx Reduction reaction on barium sites for LNT case study #2

#

Reaction

Rate Expression

17

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 6𝐻2 → 𝐵𝑎𝐼𝐼 𝑂 + 2𝑁𝐻3 + 3𝐻2 𝑂

𝑟17 = 𝑘17 𝐶𝐻2 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

18

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 2𝑁𝐻3 → 𝐵𝑎𝐼𝐼 𝑂 + 2𝑁2 + 3𝐻2 𝑂

𝑟18 = 𝑘18 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

19

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 0.4𝑁𝐻3 → 𝐵𝑎𝐼𝐼 𝑂 + 2.4𝑁𝑂 + 0.6𝐻2 𝑂

𝑟19 = 𝑘19 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

20

𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 +

10
8
𝑁𝐻3 → 𝐵𝑎𝐼𝐼 𝑂 + 𝑁2 + 5𝐻2 𝑂
3
3

𝑟20 = 𝑘20 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂3 )2

21

𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 + 2𝑁𝐻3 → 𝐵𝑎𝐼𝐼 𝑂 + 2𝑁2 𝑂 + 3𝐻2 𝑂

𝑟21 = 𝑘21 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂3 )2

22

𝐵𝑎𝐼 (𝑁𝑂3 )2 + 8𝐻2 → 𝐵𝑎𝐼 𝑂 + 2𝑁𝐻3 + 5𝐻2 𝑂

𝑟22 = 𝑘22 𝐶𝐻2 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2

23

𝐵𝑎𝐼 (𝑁𝑂3 )2 +

10
8
𝑁𝐻3 → 𝐵𝑎𝐼 𝑂 + 𝑁2 + 5𝐻2 𝑂
3
3

𝑟23 = 𝑘23 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2

24

𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 + 3𝐻2 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 2𝑁𝑂 + 3𝐻2 𝑂

𝑟24 = 𝑘24 𝐶𝐻2 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

25

𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 + 8𝐻2 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 2𝑁𝐻3 + 5𝐻2 𝑂

𝑟25 = 𝑘25 𝐶𝐻2 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

26

𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 +

10
8
𝑁𝐻3 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 𝑁2 + 5𝐻2 𝑂
3
3

𝑟26 = 𝑘26 𝐶𝑁𝐻3 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

27

𝐵𝑎𝐼 (𝑁𝑂3 )2 + 5𝐶𝑂 → 𝐵𝑎𝐼 𝑂 + 5𝐶𝑂2 + 𝑁2

𝑟27 = 𝑘27 𝐶𝐶𝑂 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2

28

𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 + 4𝐶𝑂 → 𝐵𝑎𝐼𝐼 𝑂 + 4𝐶𝑂2 + 𝑁2 𝑂

𝑟28 = 𝑘28 𝐶𝐶𝑂 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂3 )2

3.3 Lean NOx Trap – Case Study 2

97

29

𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 + 3𝐶𝑂 → 𝐵𝑎𝐼𝐼 𝑂 + 3𝐶𝑂2 + 2𝑁𝑂

𝑟29 = 𝑘29 𝐶𝐶𝑂 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂3 )2

30

𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 + 5𝐶𝑂 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 5𝐶𝑂2 + 𝑁2

𝑟30 = 𝑘30 𝐶𝐶𝑂 𝜃𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2

31

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 𝐶𝑂 → 𝐵𝑎𝐼𝐼 𝑂 + 𝐶𝑂2 + 2𝑁𝑂

𝑟31 = 𝑘31 𝐶𝐶𝑂 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

32

5
5
5
𝐵𝑎𝐼 (𝑁𝑂3 )2 + 𝐶3 𝐻6 → 𝐵𝑎𝐼 𝑂 + 𝐶𝑂2 + 𝐻2 𝑂 + 𝑁2
9
3
3

𝑟32 = 𝑘32 𝐶𝐶3 𝐻6 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2

33

1
𝐵𝑎𝐼 (𝑁𝑂3 )2 + 𝐶3 𝐻6 → 𝐵𝑎𝐼 𝑂 + 𝐶𝑂2 + 𝐻2 𝑂 + 2𝑁𝑂
3

𝑟33 = 𝑘33 𝐶𝐶3 𝐻6 𝜃𝐵𝑎𝐼(𝑁𝑂3 )2

34

5
5
5
𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 + 𝐶3 𝐻6 → 𝐵𝑎𝐼 𝑂 + 𝐶𝑂2 + 𝐻2 𝑂 + 𝑁2
9
3
3

𝑟34 = 𝑘34 𝐶𝐶3 𝐻6 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂3 )2

35

1
1
1
𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2 + 𝐶3 𝐻6 → 𝐵𝑎𝐼 𝑂 + 𝐶𝑂2 + 𝐻2 𝑂 + 2𝑁𝑂
9
3
3

𝑟35 = 𝑘35 𝐶𝐶3 𝐻6 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂3 )2

36

5
5
5
𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 + 𝐶3 𝐻6 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 𝐶𝑂2 + 𝐻2 𝑂 + 𝑁2
9
3
3

𝑟36 = 𝑘36 𝐶𝐶3 𝐻6 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

37

1
𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 + 𝐶3 𝐻6 → 𝐵𝑎𝐼𝐼𝐼 𝑂 + 𝐶𝑂2 + 𝐻2 𝑂 + 2𝑁𝑂
3

𝑟37 = 𝑘37 𝐶𝐶3 𝐻6 𝜃𝐵𝑎𝐼𝐼𝐼(𝑁𝑂3 )2

Table 29. PGM reactions participating in NOx reduction for LNT case study #2

#

Reaction

Rate Expression

38

𝑁𝑂 + 2.5𝐻2 → 𝑁𝐻3 + 𝐻2 𝑂

39

𝐶3 𝐻6 + 3𝐻2 𝑂 → 3𝐶𝑂 + 6𝐻2

𝑟39 =

𝑘39 𝐶𝐶3 𝐻6 𝐶𝐻2 𝑂
𝐺1

40

𝐶3 𝐻6 + 9𝑁𝑂 → 3𝐶𝑂2 + 3𝐻2 𝑂 + 4.5𝑁2

𝑟40 =

𝑘40 𝐶𝐶3 𝐻6 𝐶𝑁𝑂
𝐺1

𝑟38 =

𝑘38 𝐶𝑁𝑂 𝐶𝐻2
𝐺1
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Table 30. Kinetic parameters for NOx reduction reactions of LNT case study #2 compared
with identical reactions present in kinetic scheme of LNT case study #1

Pre-exponent Multiplier

Activation Energy [J/mole]

#
Case study #2

Case study #1

Case study #2

Case study #1

17

25.26

14

12150

2750

18

2.49E7

2.4E6

55510

59800

19

5.23

7.95

940

3300

20

2.71E14

8

122770

3300

21

9.93

-

390

-

22

0.61

8.6E8

2460

85590

23

0.21

-

1250

-

24

4.12E15

-

177250

-

25

917

1.2E8

26440

85590

26

6.93E9

-

87830

-

27

1.36E8

1.4

68340

19900

28

5.99

-

1600

-

29

8243

-

32040

-

30

27.14

3896

10970

39700

31

2.42

7.3

3480

2580

32

8.8

3.6

7650

2780

33

6.81E11

2.7E7

111840

67000

34

20.57

-

13080

-

35

8.8

-

7650

-

36

42.2

1.8

13190

2780

37

6.78E31

-

357200

-

38

1.2E10

-

61600

-
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39

4.5E15

6E8

94130

89200

40

2.37E23

3E10

212070

16200

The simulation results for NO, NO2, CO, C3H6 and by-products NH3 and N2O
for different reductants H2, CO and C3H6 are shown in Figure 47, Figure 48 and
Figure 49, respectively. It is shown that the NO and NO2 traces during storage and
regeneration phase are within acceptable accuracy compared to measured data for
all the three reductants injected during rich pulse. It can be seen that even when CO
and C3H6 are used as the primary reductants, the main share of regeneration is
carried out by H2 as a result of WGS and steam reforming reactions, specifically at
higher temperatures where H2 production is favored. Moreover, it was found out
that C3H6 is less efficient in terms of NOx slip abatement during reduction phase
[96], specifically at low temperatures, as it can be observed in Figure 49.
NH3 slip is found to be maximum at 193 °C, identical to the results obtained
for the LNT case study #1 around 209 °C, both for CO and H2 reductant
experiments; which is also consistent to the trend of ammonia slip Kočí et al. [74]
reported, maximum around 200 °C. At this temperature; from one side, sufficient
H2 is available as the main source of ammonia production [93] and from the other
side, the rate of ammonia consumption reactions are not still so high compared with
other reactions. Moreover, ammonia slip is limited when C3H6 is injected as the
primary reductant, Figure 49. It is also important to note that the delayed
concentration of outlet NH3 with respect to N2O is well-captured by the model due
to consumption of a portion of ammonia for reducing barium nitrates and nitrites.
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Figure 47. NOx reduction calibrated simulation model in comparison with experimental
data when H2 is used as the reductant for the LNT case study #2
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Figure 48. NOx reduction calibrated simulation model in comparison with experimental
data when CO is used as the reductant for the LNT case study #2
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Figure 49. NOx reduction calibrated simulation model in comparison with experimental
data when C3H6 is used as the reductant for the LNT case study #2

The comparison between experimental and predicted NOx conversion
efficiency is depicted in Figure 50, which is calculated based on Equation 28. The
simulation results show acceptable matching with experimental data with
maximum difference not exceeding 8%. It can be observed that at low temperatures
H2 is the most effective reductant, reaching 23% and 22% of conversion efficiency
from measured data and simulation model, respectively, exhibiting higher NOx
conversion with respect to CO and propylene. Moreover, the bell-shape NOx
conversion as a function of inlet temperature can be detected reaching around 50%
at 247 °C, [75,97]. Besides, NOx formation is higher when C3H6 is used as the
primary reductant with respect to the H2 and CO cases [91,92].
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Figure 50. Integral NOx conversion efficiency for different reductants H2, CO and C3H6
for the LNT case study #2

3.3.3.3 Light-off
As far as light-off test modelling is considered, the reaction model includes the
previously calibrated reactions in OSC tests, Table 23 , in addition to oxidation of
CO, HC and H2 and steam reforming [98], presented in Table 31. The pre-exponent
multiplier and activation energy obtained for each reaction is reported in Table 32.
Table 31. Kinetic model for light-off experiment for LNT case study #2 on PGM

#

Reaction

Rate Expression

41 𝐶𝑂 + 0.5 𝑂2 → 𝐶𝑂2

𝑟41 =

𝑘41 𝐶𝐶𝑂 𝐶𝑂2
𝐺1

42 𝐻2 + 0.5 𝑂2 → 𝐻2 𝑂

𝑟42 =

𝑘42 𝐶𝐻2 𝐶𝑂2
𝐺1

43 𝐶3 𝐻8 + 5 𝑂2 → 3𝐶𝑂2 + 4𝐻2 𝑂

𝑟43 =

𝑘43 𝐶𝐶3 𝐻8 𝐶𝑂2
𝐺1

44 𝐶3 𝐻6 + 4.5 𝑂2 → 3𝐶𝑂2 + 3𝐻2 𝑂

𝑟44 =

𝑘44 𝐶𝐶3 𝐻6 𝐶𝑂2
𝐺1

45 𝐶3 𝐻8 + 3𝐻2 𝑂 → 3𝐶𝑂 + 7𝐻2

𝑟45 =

𝑘45 𝐶𝐶3 𝐻8 𝐶𝐻2 𝑂
𝐺1
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Table 32. Kinetic parameters for light-off experiment for LNT case study #2 on PGM

#

Pre-Exponent Multiplier

Activation Energy (J/mol)

41

8500

28035

42

9.43E14

111450

43

7.2E5

71060

44

4.49E12

11320

45

1.2E13

174250

Since the inlet temperature is not constant, Arrhenius approach proposed in
Section 3.2.3.1 for finding the pre-exponent multipliers and activation energies is
not applicable; hence, an automatic optimizer built in GT-SUITE can be used with
the aim of minimizing the error between simulated and experimental concentrations
of CO, C3H6 and C3H8. The optimization method selected in this case is the Brent
method which is based on the root-finding that combines the bisection method,
secant method, and inverse quadratic interpolation. It is gradient-free and is faster
to converge compared with the discrete-grid method.
The history of concentrations at the outlet of the component and the conversion
efficiencies as a function of inlet temperature are shown in Figure 51. It can be
observed that both the concentrations and the conversion efficiencies are in good
agreement with experimental data. As expected, the slow oxidizing HC, in this case
propane, does not reach light-off until 370 °C. Furthermore, it can be appreciated
from total HC conversion efficiency curve in Figure 51 at lower temperatures the
slope is steeper due to oxidation of C3H6, while after full conversion of C3H6
(around 150 °C) conversion efficiency will increase with a more gradual slope due
to oxidation of C3H8. In more detail, light-off temperatures based on 50%
conversion efficiency are reported in Figure 52. The error between simulated and
experimental light-off temperatures does not exceed 1.4 °C.
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Figure 51. Light-off calibrated simulation model results in comparison with experimental
data for the LNT case study #2

It is noteworthy that low CO light-off temperature can, at least in part, be
attributed to the fact that the light-off inlet batch does not include NO, which
typically shows a significant inhibition effect over the PGM: hence with the
presence of NO, all light-off temperatures would be shifted to higher values.
Moreover, the presence of considerable amount of H2 in the inlet batch of light-off
(CO/H2 = 300/60 = 5), Table 22, affects strongly CO and HC oxidation and thus
their light-off temperature [99]. This effect can be furtherly investigated by
performing SGB tests with different H2 concentrations.

Figure 52. Comparison of simulation and experimental light-off temperature based on
50% efficiency for the LNT case study #2
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In conclusion, by comparing the kinetic scheme and parameters defied for the
two LNT studies with different washcoat compositions and PGM loadings and the
similarities between the two cases, it can be observed that the methodology
presented in this chapter can be used as a reference for development and calibration
of an LNT model. Therefore, depending on the technology and by tuning some
parameters, such as site densities, acceptable estimation of the behavior of the
component regarding oxygen storage ad reduction, NOx storage and reduction and
light-off characteristics of the system can be achieved.

Chapter 4
Validation of reactor-scale LNT
model on full-size components
4.1 Introduction and limitations
Building and calibration of an aftertreatment model based on experimental data for
a full-size component using engine-out emissions is challenging due to transient
conditions and complex gas mixture.For an LNT technology, the case is even more
demanding due to the complex kinetic scheme as previously described in Chapter
3. Therefore, after calibration of a reactor-size model based on SGB tests, the model
can be up-scaled and used for a full-size component, as shown in Figure 53.

Figure 53. Transferring the calibrated reactor-scale model to full-scale component
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Several studies have been focused on transformations of a calibrated reactorsize model to full-size component. As an example, Millet et al. [100] calibrated a
global kinetic model for a Three Way Catalyst (TWC) using SGB data and applied
the model to engine test bench experiments and indicated that some of the kinetic
constants require modifications in order to consider the effect of geometry and
washcoat formulation. Lafossas et al. [101] developed a global kinetic mechanism
for a DOC component using SGB data; however, in order to reduce the gap between
reactor-scale and full-scale model, after preliminary calibration based on SGB
measurements, engine-out exhaust gas was fed to the reactor to capture the effect
of HC speciation in diesel exhaust. They reached a final conversion deviation
around 0.1% and 5.2% for CO and total HCs respectively over New European
Driving Cycle (NEDC) [101]. In another study, Sampara et al. [102], adjusted the
site density to match the light-off in a DOC for automotive diesel applications due
to the differences in the ageing status that the reactor-scale and full-scale sample
may have.
The transformation of the model from reactor-scale to full-scale component
requires some modifications; however, in the current study the goal is to use the
same kinetic constants of the reactor-scale component without tuning. Therefore, it
is required to detect the source of mismatching and limitations between reactor-size
and full-size models in order to find physical explanation and solutions:
•
•

•
•
•

Although 1D models with uniform flow pattern are beneficial in terms of
computational time, absence of pore diffusion model in washcoat layer may
lead to higher conversions [96,103].
Temperature distribution influences the kinetics in a significant way. Radial
temperature profile and hence radial concentration profiles are observed in
3D simulations of catalysts [104], [105]. In addition, variation of Peclet
number between full size and lab-scale component affects the heat and mass
transfer phenomena [106].
Compared to lab-scale model, the engine exhaust gas includes a mixture of
different gas species entering the reactor which affect the behavior of the
catalyst, especially as far as the HC speciation is concerned [104].
External heat transfer in the lab scale sample is negligible, while in full size
component it can have not negligible effects [106], [104].
Ageing status of the catalyst component under investigation may differ from
reactor-scale tests and full-size measurements using engine-out emissions,
which can highly impact the kinetics [102].

4.2 Model refinements
In the current study, after preliminary analysis of experimental data, the following
assumptions and refinements are applied in order to reduce the gap between
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measured and simulated results when transferring the reactor-size model to fullscale model.
The assumptions include:
•
•

•

The same kinetic parameters for the NOx Storage and Reduction (NSR) test
and Oxygen Storage Capacity (OSC) mechanisms are transferred from
reactor-scale model without any modifications.
NOx mass flow rate was calculated using the NO2 molar mass, due to the
characteristics of Chemi-Luminescence Detectors (CLD), and without any
correction related to the test cell temperature and humidity since all the tests
were carried out at standard condition, 25 °C, 50% humidity.
Engine-out hydrocarbons are characterized by a defined ratio of diesel fuel
(high molecular weight HC, such as dodecane or decane) and propylene
considering only the Non-Methane HC (NMHC) portion both at the inlet
and the outlet of LNT.

The refinements include:
•

•

•
•

•

Due to the fact that high molecular weight HC, dodecane, was not included
in the reactor-scale characterizations, the oxidation kinetic parameters are
imposed initially from literature [34,102] and further calibrated according
to measured LNT outlet HC concentrations.
Moreover, CO oxidation rate also depends on the pre-conditioning
(different Rh oxidation state) [107] and level of H2 in the gas feed [99],
which can be different from real driving condition. Therefore, slight recalibration for CO oxidation parameters can be performed.
The simulations of the full-size model were run based on the aged reactorscale kinetics.
The H2 concentration at LNT in/out are not available from measurements
and therefore are estimated from CO and CO2 emissions. The estimated
values during lean part are not consistent with literature [99], CO/H2
between 40-50, while the estimated one shows CO/H2 around 4 (one order
of magnitude lower). However, the estimated H2 concentration during rich
pulses are acceptable. In order to avoid imposing uncertainty, H2
concentration is assumed to be 0 during lean part and equal to estimated
value during rich pulse.
NOx reduction reactions, regardless of CO, H2 or HC, are expected to have
low rate during lean part of the cycle in which O2 concentration is high. To
take this effect into account, according to literature [72–74] NOx reduction
reactions are inhibited by an inhibition function of the type 1 + 𝑘𝐶𝑂2 in
which 𝑘 is represented with an Arrhenius function. Since reactor-scale tests
do not include O2 during NOx reduction phase, the results of lab-scale model
will be preserved.
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•

External heat transfer model is built in order to account for the thermal loss
across the catalyst, if the isothermal condition is not satisfied.

4.3 Experimental data
The experimental tests are performed on a roller test bench for two different
aftertreatment configurations: A) LNT + DPF; and B) LNT + SCR-F. The position
of outlet concentration measurements for architecture A is after DPF (which does
not affect NO and NO2 concentrations, while CO and HC concentrations may
change from LNT out position) and for the architecture B is after LNT. The
characteristics of the systems are reported in Table 33 and the geometric
information are expressed in Table 34. The samples are exposed to pre-cleaning
condition in order to remove any stored NOx prior to start of the test, however, in
one sample intentionally a partially filled sample is used to assess the impact of
initial storage on the performance of the component. Moreover, the cases with and
without DeNOx events have been examined to evaluate the effectiveness of
regeneration to restore NOx storage capability of the system. The washcoat
composition, substrate properties and PGM loading are consistent with the reactorscale components tested in SGB measurements. The samples are sulphur free and
therefore the effect of sulphur loading can be neglected.
Table 33. Characteristics of the full-size components under study

Type

AT System

PGM
Loading
[g/ft3]

Substrate
[cpsi/mil]

PGM
Ratio
[Pt:Pd:Rh]

Initial
Trapping

DeNOx
Events

A-1

cc(LNT+DPF)

120

400/4

103:12:5

Empty

Yes

B-1

cc(LNT+SCR-F)

120

400/4

103:12:5

Empty

No

B-2

cc(LNT+SCR-F)

120

400/4

103:12:5

Partially
Filled

No

Table 34. Geometric information of the two aftertreatment systems under study for fullsize experiments over driving cycles

Type

AT System

Long dia. x Short dia. x Length
[mm x mm x mm]

Substrate
Frontal Area
[mm2]

Substrate
Volume
[L]

A-1

cc(LNT+DPF)

165.6 x 129.6 x 85

17633.3

1.50

B-1

cc(LNT+SCR-F)

125 x 125 x 100

12271.9

1.23

B-2

cc(LNT+SCR-F)

125 x 125 x 100

12271.9

1.23

4.4 Results and discussions
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The measurements are performed over cold Worldwide harmonized Light
vehicles Test Cycle (WLTC), the main characteristics of which are reported in
Table 35. The WLTC is composed by 4 phases including low, medium, high and
extra high portions with a duration of 1800 seconds.
Table 35. Characteristics of WLTC Class 3b [108]

Phase

Max.
Ave. Velocity
Velocity
(no stops)

Ave. Velocity
Stop
Duration Distance
(with stops) Duration

[km/h]

[km/h]

[km/h]

[s]

[s]

[km]

Low

56.5

25.7

18.9

156

589

3.095

Medium

76.6

44.5

39.5

48

433

4.756

High

97.4

60.8

56.7

31

455

7.162

Extra High

131.3

94

92

7

323

8.254

Total

-

-

-

242

1800

23.266

4.4 Results and discussions
For the sake of simplicity, the analysis is started from the case which does not
include any regeneration events and before starting the WLTC, a cleaning purge is
applied in order to remove any prior NOx trapping effects; therefore, B-1
configuration is selected. Afterwards, in order to model the component with
primary NOx storage, the final values of site storage coverages at the end of WLTC
for the B-1 configuration are used as the input for the initial site coverages of B-2
configuration for all the sites including 𝐵𝑎𝐼 𝑂, 𝐵𝑎𝐼𝐼 𝑂, 𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2, 𝐵𝑎𝐼𝐼𝐼 𝑂 and
𝐶𝑒2 𝑂3. It should be considered that the other barium nitrate coverages and 𝐶𝑒𝑂2
can be calculated considering that the sum of coverages for each site including 𝐵𝑎𝐼 ,
𝐵𝑎𝐼𝐼 , 𝐵𝑎𝐼𝐼𝐼 and 𝐶𝑒, equal to 1. It is worth mentioning that comparison between
predicted and measured instantaneous concentrations has also been performed;
however, due to confidentiality reasons only cumulative comparison is presented.
More in detail, a comparison between cumulative NOx mass of aftertreatment
configuration B over WLTC, without any regeneration events, is presented in
Figure 54-a for both empty and partially filled component in terms of initial NOx
trapping condition. It can be observed that the simulation model can predict the NOx
mass over WLTC with acceptable accuracy with the total error not exceeding 6%.
Moreover, it can be clearly observed that the B-2 configuration, data related to the
component with initial NOx storage represented with dashed lines, results in higher
cumulative NOx at the outlet of LNT, especially in the low and medium portions in
which the difference between inlet and outlet NOx is minor; which is due to the fact
that a part of NOx storage sites are previously occupied by initial storage, while the
empty initial trapping condition component, B-1, is capable to reduce NOx both at
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low temperature and higher temperature portions of WLTC and the model is able
to capture the effect of initial storage successfully. In addition, it can be realized
that most of the NOx slip occurs during high and extra-high portions of WLTC,
starting from 𝑡 = 1477 seconds
Focusing on Figure 54-b, related to cumulative NOx mass for configuration A,
it can be observed that although the component is exposed to higher inlet
cumulative NOx mass (with a total of around 8 gr) with respect to configuration B
(around 5.1 gr), thanks to rich events LNT is capable to recover its storage capacity
and reduce NOx to 2.7 gr which is well-captured by the model showing a total error
around 4.5%.

Figure 54. Cumulative NOx mass for a) Configuration B over WLTC, dashed lines
represent the case with initial NOx storage and full lines represent the empty initial NOx
trapping condition; b) Configuration A, with rich events and empty initial NOx storage

Finally, temperature profiles at the inlet and outlet of the LNT are compared to
measured data in Figure 55. It can be observed that temperature levels for the cases
without any rich events, Figure 55-a and Figure 55-b have lower peak temperatures,
around 300°C; however, when several regenerations events are imposed, Figure 55c, the temperature is increased, up to 420°C, during the events to higher values and
the thermal model is capable to predict the temperatures with good satisfactory
accuracy. Moreover, comparing Figure 55-a and Figure 55-b, as expected, presence
of initial NOx storage does not impact temperature profiles.

4.4 Results and discussions
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Figure 55. Temperature profiles at the inlet (black) and the outlet of LNT from simulation
(blue-dashed lines) and experiments (red-full lines) for a) configuration B-1: no events, no
initial trapping; b) configuration B-2: no events, initial NOx storage is present; c)
configuration A: no initial trapping, regeneration events are present

Chapter 5
Grey-box ECU/Hardware in Loop
Capable LNT model
5.1 Model development
Considering that the complexity of emission control technologies has been
increased during last decades, in order to maximize the efficiency of such
aftertreatment systems, under the highly transient conditions which occur in real
driving operation, model-based control is required. Such techniques use instant
information about the state of the reactors to calculate the control output and
therefore will require accurate and fast running reactor-plant models. In this section,
the LNT model calibrated using GT-SUITE in Section 3.2 is linearized with the aim
to be used in ECU/ Hardware-in-the-Loop (HiL) applications as the reactor-plant
model.
In order to reduce the model to be used in ECU/HiL applications, it is required
to apply reasonable assumptions to linearize coupled non-linear Partial Differential
Equations (PDEs) to algebraic equations which can be solved by explicit solvers
such that a balance between accuracy of detailed models and efficiency of blackbox models is achieved:
•
•

Since the heat of reaction is negligible, non-isothermal effects can be
ignored and therefore constant thermodynamic properties are used.
Since the reaction rates are controlled by external (i.e. fluid to wall) mass
transfer at high temperatures, two phase model is used.

5.1 Model development
•

•
•
•

Considering that the transvers Peclet number (𝑃𝑒 =
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𝑢𝑅Ω
𝐿𝐷𝑓

) is less than 0.1,

entrance length effects are neglected; hence, constant heat and mass transfer
coefficients for a rounded square channel are used [29].
The washcoat diffusional limitations (concentration gradients in the
washcoat) are neglected and lumped into kinetic parameters (convert 1+1D
 1D)
Quasi-steady approximation is used, considering that the accumulation in
fluid phase can be ignored  elimination of transient terms in fluid phase
species balances.
Block-in-series approach is adopted to ignore axial gradients in each block
(convert 1D  0D) such that the output signal of each block is used as the
input to the subsequent block, Figure 56.

Figure 56. Block-in-series approach

Therefore, the governing equations presented in Section 1.2 are reduced. The
base simplifications of the governing equations for a 1D-CFD model are derived
from an SCR model developed by Santhosh et al. [29]. Species balance equations,
Equation 30 and Equation 32 which results in simplified forms of Equation 31 and
Equation 33, respectively:
𝜕 2 𝑋𝑤𝑐 𝑖
𝜕𝑋𝑤𝑐𝑖
1 𝑇
𝐺𝑎𝑠: 𝜀
= 𝛼𝑖 𝑟 + 𝐷𝑠
𝜕𝑡
𝐶0
𝜕𝑦 2
1 𝑇
𝑘𝑚𝑒
→
𝛼𝑖 𝑟 +
(𝑋𝑓𝑚 − 𝑋𝑤𝑐 ) = 0
𝐶0
𝛿𝑐

(30)

Which results in:
𝑋𝑓𝑚 = −
𝑆𝑜𝑙𝑖𝑑:

𝛿𝑐
𝛼 𝑇 𝑟 + 𝑋𝑤𝑐
𝐶0 𝑘𝑚𝑒 𝑖

𝜕𝑋𝑓𝑚𝑖
𝜕𝑋𝑓𝑚 𝑘𝑚𝑒
= −𝑢
−
(𝑋 − 𝑋𝑤𝑐 |𝑦=0 )
𝜕𝑡
𝜕𝑥
𝑅Ω 𝑓𝑚
𝑢
𝑘𝑚𝑒
𝑖𝑛
→ (𝑋𝑓𝑚 − 𝑋𝑓𝑚
)+
(𝑋 − 𝑋𝑤𝑐 ) = 0
𝐿
𝑅Ω 𝑓𝑚

Which results in:

(31)

(32)
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𝑖𝑛
𝑋𝑤𝑐 = (1 + 𝑃)𝑋𝑓𝑚 − 𝑃𝑋𝑓𝑚

(33)

Where:
𝑃=

𝑢𝑅Ω
𝐿𝑘𝑚𝑒

(34)

Using Equation 31 and Equation 33, 𝑋𝑤𝑐 can be calculated from Equation 35:
𝑖𝑛
𝑋𝑤𝑐𝑖 = 𝑋𝑓𝑚
+
𝑖

1 𝑇
𝛼 𝑟
𝐹𝑃𝑃 𝑖

(35)

Where the parameter 𝐹𝑃𝑃 is defined by Equation 36:
𝐹𝑃𝑃 =

𝐶0 𝑘𝑚𝑒
𝑃
(
)
𝛿𝑐
1+𝑃

(36)

Site balance equation partial derivative will be converted to Equation 37:
𝑑𝜃𝑘
1
= 𝛼𝜃𝑇𝑘 𝑟
𝑑𝑡
𝐶𝑠
∑ 𝜃𝑘 = 1
{

𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑠𝑖𝑡𝑒

(37)

𝑘

The gas phase energy balance is simplified as Equation 38:
𝑢
ℎ
(𝑇𝑓 − 𝑇𝑓𝑖𝑛 ) +
(𝑇 𝑜𝑢𝑡 − 𝑇𝑠 ) = 0 → 𝑇𝑓𝑜𝑢𝑡
𝐿
𝑅Ω 𝜌𝑓 𝐶𝑝𝑓 𝑓
ℎ𝐿
𝑇𝑓𝑖𝑛 + 𝑢𝑅 𝜌 𝐶 𝑇𝑠
Ω 𝑓 𝑝𝑓
=
ℎ𝐿
1 + 𝑢𝑅 𝜌 𝐶
Ω 𝑓 𝑝𝑓

(38)

The solid phase energy balance is simplified as Equation 39:
𝛿𝑤 𝜌𝑤 𝐶𝑝𝑤

𝑑𝑇𝑠
= ℎ(𝑇𝑓𝑜𝑢𝑡 − 𝑇𝑠 )
𝑑𝑡

(39)

Substituting Equation 38 in Equation 39 results in Equation 40:
𝛿𝑤 𝜌𝑤 𝐶𝑝𝑤

ℎ(𝑇𝑓𝑖𝑛 − 𝑇𝑠 )
𝑑𝑇𝑠
=
ℎ𝐿
𝑑𝑡
1 + 𝑢𝑅 𝜌 𝐶
Ω 𝑓 𝑝𝑓

(40)

5.1 Model development
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Considering the kinetic scheme presented in Section 3.2 the parameters to be
solved in each time step and for each block is listed as follows and therefore the full
detailed system contains 16 PDEs:
•
•
•

Concentrations: NO, NO2, NH3, N2O, H2, CO, C3H6, Heavy HC, O2  9
unknowns
Coverages: BaIO, BaIIO, Ba II(NO2)2, BaIIIO and CeO2  5 unknowns
Wall and gas temperatures  2 unknowns

The reaction expression for each species based on the defined kinetic scheme
and stoichiometric coefficients is given in Equation 41 to Equation 49:
𝑇
𝑟𝑁𝑂 = 𝛼𝑁𝑂
𝑟 = −𝑟1 + 𝑟2 − 𝑟3 − 2𝑟4 + 2𝑟5 + 2𝑟8 − 2𝑟10 + 2.4𝑟23
+ 3.2𝑟25 − 1.5𝑟26 − 𝑟27 + 2𝑟31 + 2𝑟34 + 2𝑟36
− 9𝑟37 − 18𝑟38

(41)

𝑇
𝑟𝑁𝑂2 = 𝛼𝑁𝑂
𝑟 = 𝑟1 − 3𝑟2 − 3𝑟3 + 2𝑟7 − 2𝑟9 + 2𝑟11 + 2𝑟12
2

(42)

10
𝑟 + 2𝑟19 + 2𝑟20 − 𝑟21 + 2𝑟22 − 0.4𝑟23
3 18
− 2𝑟24 − 1.2𝑟25 − 𝑟26

𝑇
𝑟𝑁𝐻3 = 𝛼𝑁𝐻
𝑟=−
3

(43)

𝑟𝑁2 𝑂 = 𝛼𝑁𝑇2 𝑂 𝑟 = 1.5𝑟21 + 9𝑟38

(44)

𝑟𝐻2 = 𝛼𝐻𝑇2 𝑟 = −𝑟15 + 𝑟17 − 8𝑟19 − 8𝑟20 − 6𝑟22 + 6𝑟32 − 𝑟42

(45)

𝑇
𝑟𝐶𝑂 = 𝛼𝐶𝑂
𝑟 = −𝑟14 − 𝑟17 − 𝑟27 − 5𝑟28 − 5𝑟29 − 5𝑟30 − 𝑟31
+ 3𝑟32 − 𝑟40

(46)

𝑟𝐶3 𝐻6 = 𝛼𝐶𝑇3 𝐻6 𝑟

1
5
1
5
1
= − 𝑟16 − 𝑟32 − 𝑟33 − 𝑟34 − 𝑟35 − 𝑟36
9
9
3
9
3
− 𝑟37 − 𝑟38 − 𝑟39

𝑇
𝑟𝐻𝑒𝑎𝑣𝑦 𝐻𝐶 = 𝛼𝐻𝑒𝑎𝑣𝑦
𝐻𝐶 𝑟 = −𝑟41

𝛼𝑂𝑇2 𝑟 = −0.5𝑟1 − 0.5𝑟4 + 0.5𝑟5 − 𝑟6 + 0.5𝑟7 + 1.5𝑟8 − 0.5𝑟9
− 1.5𝑟10 + 0.5𝑟11 + 0.5𝑟12 − 0.5𝑟13 − 4.5𝑟39
− 0.5𝑟40 − 19.4𝑟41 − 0.5𝑟42

(47)

(48)

(49)
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Considering that for each site, the site balance equation results in: ∑𝑘 𝜃𝑘 = 1,
some sites can be written as a function of the others, Equation 50 to Equation 53:
𝜃𝐵𝑎𝐼(𝑁𝑂3 )2 = 1 − 𝜃𝐵𝑎𝐼𝑂

(50)

𝜃𝐵𝑎𝐼𝐼 (𝑁𝑂3 )2 = 1 − 𝜃𝐵𝑎𝐼𝐼𝑂 − 𝜃𝐵𝑎𝐼𝐼(𝑁𝑂2 )2

(51)

𝜃𝐵𝑎𝐼𝐼𝐼 (𝑁𝑂3 )2 = 1 − 𝜃𝐵𝑎𝐼𝐼𝐼 𝑂

(52)

𝜃𝐶𝑒2 𝑂3 = 1 − 𝜃𝐶𝑒𝑂2

(53)

The reaction expression for each site based on the defined kinetic scheme is
expressed by Equation 54 to Equation 58:
𝑟𝐵𝑎𝐼𝑂 = 𝛼𝜃𝑇

𝐵𝑎𝐼 𝑂

𝑟 = −𝑟2 + 𝑟12 + 𝑟19 + 𝑟28 + 𝑟33 + 𝑟34

𝑟𝐵𝑎𝐼𝐼𝑂 = 𝛼𝜃𝑇

𝑟

𝐵𝑎𝐼𝐼 𝑂

= −𝑟3 − 𝑟4 + 𝑟5 + 𝑟11 + 𝑟18 + 𝑟21 + 𝑟22
+ 𝑟23 + 𝑟24 + 𝑟29 + 𝑟31
𝑟𝐵𝑎𝐼𝐼(𝑁𝑂2 )2 = 𝛼𝜃𝑇

𝐵𝑎𝐼𝐼 (𝑁𝑂2 )2

𝐵𝑎𝐼𝐼𝐼 𝑂

(55)

𝑟

= 𝑟4 − 𝑟5 − 𝑟6 − 𝑟21 − 𝑟22 − 𝑟23 − 𝑟24 − 𝑟31
𝑟𝐵𝑎𝐼𝐼𝐼𝑂 = 𝛼𝜃𝑇

(54)

(56)

𝑟

= 𝑟7 + 𝑟8 − 𝑟9 − 𝑟10 + 𝑟20 + 𝑟25 + 𝑟30 + 𝑟35 + 𝑟36
𝑟𝐶𝑒𝑂2 = 𝛼𝜃𝑇𝐶𝑒𝑂 𝑟 = 2𝑟13 − 2𝑟14 − 2𝑟15 − 2𝑟16

(57)

(58)

2

1

𝑖𝑛
Finally, by using Equation 35, 𝑋𝑤𝑐𝑖 = 𝑋𝑓𝑚
+ 𝐹𝑃𝑃 𝛼𝑖𝑇 𝑟 PDEs for the following
𝑖
species are eliminated by finding a closed form solution which can be found by
algebraic equations:

•
•
•
•
•

N2O
NO2
H2
NH3
Heavy HC

5.2 Validation of the model for LNT case study 1
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Moreover, by using Equation 38, the gas temperature PDE is eliminated.
However, due to complexity of the kinetic scheme and presence of exponent
lower than 1 for some species such as O2, ODEs for the following species cannot
be converted to algebraic equations:
•
•
•
•

NO
CO
C3H6
O2

The simplified ODE for these species can be written as Equation 59:
𝑑𝑋𝑤𝑐𝑖 1 𝑘𝑚𝑖
1
= (
(𝑋𝑓𝑖 − 𝑋𝑤𝑐𝑖 ) + 𝑟𝑖 )
𝑑𝑡
𝜀 𝛿𝑐
𝐶0

(59)

Therefore, in total 10 ODEs will remain including:
•
•
•

4 PDEs for species (NO, CO, C3H6 and O2)  Equation 59
5 PDEs for site coverages (BaIO, BaIIO, BaII(NO2)2, BaIIIO and CeO2) 
Equation 37
1 PDE for the solid temperature (Ts)  Equation 40

The remaining parameters will be simplified to algebraic equation as a function
of the abovementioned states:
•
•

Species N2O, NO2, H2, NH3 and Heavy HC  Equation 35
Gas Temperature  Equation 38

The ODEs can be further converted to algebraic equations using numerical
methods marching in time such as Runge-Kutta and explicit Euler method which
can be handled by ECU and HiL systems. As an example, the explicit Euler is
defined as follows evaluating the right-hand-side at time 𝑡, Equation 60:
𝑑𝑦(𝑡)
𝑦(𝑡 + Δ𝑡) − 𝑦(𝑡)
= 𝑓(𝑡, 𝑦) →
= 𝑓(𝑡, 𝑦(𝑡))
𝑑𝑡
Δ𝑡

(60)

It is also required to select suitable time step, 𝛥𝑡, so that the solution converges
with acceptable accuracy.

5.2 Validation of the model for LNT case study 1
Validation of the model is performed for a calibrated model on GT-SUITE,
according to NOx Storage Reduction (NSR) test, Figure 57, with following
operating condition at five constant inlet temperatures ranging from 150 to 550 °C,
spaced equally in 1/T [1/K].
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Figure 57. Schematic view of NSR experiment

The Composition of the feeding is reported in Table 36.
Table 36. Inlet gas composition for NOx reduction experiments in volume basis

Species

Lean

Rich, H2

Rich, CO

Rich, HC

Reductant [ppm] 0

1000

1000

111

O2 [%]

10

0

0

0

CO2 [%]

5

5

5

5

H2O [%]

5

5

5

5

NO [ppm]

287

0

0

0

NO2 [ppm]

13

0

0

0

N2

Balance

Balance

Balance

Balance

The settings of the model set-up are as follows:
•
•
•

Number of sub-volumes: 10
Time step: 0.0002 seconds
Processor: Intel (R)Core(TM) i7 – 4600U CPU @2.10GHz 2.70 GHz

The GT-SUITE model has been calibrated using SGB experimental data and
therefore the calibrated kinetic parameters from previous study [16], which matches
the measurements with satisfactory accuracy, are used. The comparison of the GTSUITE model with the reduced-order grey box model presented in this work for
NSR test are depicted in Figure 58, Figure 59 and Figure 60 for H2, CO and C3H6
reductants, respectively.

5.2 Validation of the model for LNT case study 1
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Figure 58. Comparison of NSR test results between GT-SUITE and reduced-order
models, H2 used as the primary reductant
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Figure 59. Comparison of NSR test results between GT-SUITE and reduced-order
models, CO used as the primary reductant

Figure 60. Comparison of NSR test results between GT-SUITE and reduced-order
models, C3H6 used as the primary reductant

As an example, comparison between simulation run time and real time for the
NSR test in which H2 is used as the primary reductant is shown in Figure 61.

5.3 Sensitivity analysis
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Figure 61. Simulation run time versus real time for NSR test

5.3 Sensitivity analysis
The sensitivity of the results and simulation run time with respect to the number of
blocks is performed.
According to Figure 62 it can be observed that the results for 10 blocks is very
close to 15 blocks, while the run time is almost half. If the number of blocks are
very low, the accuracy deteriorates while the CPU hours will be highly improved
and therefore for obtaining accurate results re-calibration of kinetic parameters
would be required.
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Figure 62. Sensitivity of NSR results (H2 reductant) to number of blocks

5.3 Sensitivity analysis
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Figure 63. Comparison of simulation run time versus real time varying number of axial
sub-volumes/blocks

It should be noted that considering that in GT-SUITE solver since all the partial
differential equations do not need to be linearized, it runs faster than the current
grey-box model thanks to possibility of using larger time step. However, that it is
possible to further reduce the presemted grey-box model to acheive faster speed.
Moreover, as depicted in Figure 62, by using lower number of sub-volumes and retuning of kinetic parameters to preserve the simulation results, larger time step can
be selected and therefore the run time can be improved significantly.

Chapter 6
Application of Genetic Algorithm
for Calibration of Diesel Oxidation
Catalyst Kinetics
6.1 Introduction to Diesel Oxidation Catalyst
Diesel Oxidation Catalyst (DOC) are used with the aim to reduce CO and HC
emissions in addition to conversion of NO to NO2 [4] which can improve the
performance of downstream aftertreatment devices such as SCR [47,53] by moving
the kinetics towards fast SCR through increase in the amount of NO2 and therefore
bringing the NO2/NO ratio closer to equimolar condition [5].
Generally, DOCs contain a storage material such as zeolite which can store
hydrocarbons at low temperature when the light-off has not yet been reached and
desorb them at higher temperatures; thus, increasing the cold start efficiency [6–8].
Moreover, oxidation reactions take place over the Platinum Group Metals (PGM)
which is normally a mixture of Pt and Pd [109–111].
Several experimental and numerical studies have been performed regarding the
performance of DOC to reduce CO and HC emissions of diesel engine exhaust.
Micro-kinetic or detailed models are more accurate, however such models are more
complex such as the model proposed by Sharma et al. [112] which takes into
account mainly oxidation reactions over Pt. However, several global kinetic models
were proposed in the literature [34,110,113] which are simpler and if calibrated
properly can be used for quite accurate prediction of emissions downstream of the
catalyst. To calibrate the kinetic model, experimental tests are performed which can
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either be based on real exhaust using engine-out emissions as the input to the
catalyst [4,35,114] or reactor-scale synthetic gas bench tests in which controlled
species concentrations, mass flowrate and temperature can be imposed [6,115,116].
In this chapter, the performance of two DOC cores with different washcoat
composition has been analyzed both experimentally and numerically. The
experimental data, coming from synthetic gas bench tests on reactor-scale
component, were used for the calibration of the global kinetic model built in 1D
CFD software, GT-SUITE. The kinetic model was calibrated using Genetic
Algorithm optimization tool, embedded in GT-SUITE, which is more successful in
finding global optimum, rather than being trapped in local optimums.

6.2 Experimental tests
The experimental activity has been performed using SGB measurements with
controlled inlet temperature, mass flowrate and species concentrations aiming to
minimize the interaction of each reaction on the others by dosing specific species
in the inlet batch and thus facilitating the kinetic model calibration.
The concentrations of species including CO, CO2, O2, C3H6 [ppmC3], C10H22
[ppmC10], NO, NO2 and N2O at the outlet of the cores are recorded by FTIR
measurements. Total HC is also measured from MEXA in [ppmC3] basis. However,
inlet concentrations are assumed to be the same as nominal values. Moreover, inlet
and outlet gas temperatures are also measured by K-type thermocouples.
Due to zone coating of the considered component, the reactor data refer to two
core samples with different washcoat loadings: one extracted from the front zone
(first half of the full-size brick, which contains zeolite coating and therefore is
capable of HC storage), the other one mined from the rear zone (second half of the
full-size brick, which does not contain zeolite). The characteristics of the cores are
reported in Table 37. The components are oven aged. The samples are placed into
an isothermal furnace.
Table 37. Characteristics of reactor-scale DOC samples

Characteristic
Core size: diameter x length
PGM
Cells density
Wall thickness
Substrate material
Zeolite coating

Unit
in x in
[-]
[cpsi]
[mil]
[-]
[-]

Front Core
1x3
Pt and Pd
400
4.5
Cordierite
Yes

Rear Core
1x3
Pt
400
4.5
Cordierite
No

The experimental test protocols can be categorized in two main groups
including HC storage and light-off experiments.

128

Application of Genetic Algorithm for Calibration of Diesel Oxidation
Catalyst Kinetics

6.2.1 HC storage tests
Previous studies have shown that mainly high molecular HCs are stored on zeolite
such as decane, while low molecular weight HCs such propylene do not show
adsorption/desorption behavior on zeolite in the presence of heavy HCs [6,103].
Therefore, only decane is used as the representative of high molecular weight HC
in storage tests. The test is performed using different HC concentrations 400 and
800 [ppmC1] C10H22 with the base feed composition of 4.5% H2O, 4.5% CO2,
Balanced N2 and at constant standard Space Velocity (SV) of 30,000 1/hr referred
to pressure of 1 atm and temperature of 273.15 K.
The HC storage experiment is performed through a Temperature Programmed
Desorption (TPD) test consisting of two phases, as it can be observed in Figure 64:
•

•

Adsorption phase in which the temperature is kept constant and is
continued until saturation of adsorption sites, zeolite, is reached and the
outlet concentration of HC reaches the inlet one. Two starting inlet gas
temperature was selected for the adsorption phase, 90 and 120 °C.
Temperature ramp phase in which after the saturation of storage sites, the
temperature is ramped linearly up to 400 °C with a constant rate of 5
K/min.

It is worth mentioning that storage test has been carried out only for the front
core, since the rear one is without zeolite which is not capable to store HCs.

Figure 64. An example of HC storage experiment for the front core

6.2.2 Light-off tests
Light-off tests are performed over a temperature ramp starting from 80 °C up to 400
°C with a constant rate of 5 K/min carried out at two levels of standard space
velocity, 30,000 and 60,000 1/ hr referred to pressure of 1 atm and temperature of
273.15 K. Inlet feed gas composition is varied from single trace species to more
complex tests in which several trace species are present in the inlet batch. The
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standard feed composition contains 12% O2, 4.5% H2O, 4.5% CO2, Balanced N2
and the trace species as reported in Table 38. It is worth noting that some of the
tests in Table 38 are used for calibration and some are used for validation.
Moreover, presence of tests with different levels of concentrations of a specie will
provide sufficient information for calibration of inhibition terms.
Table 38. Trace species composition for light-off test in volumetric basis

Test ID

CO

C3H6

C10H22

NO

NO2

#

[ppm]

[ppmC1]

[ppmC1]

[ppm]

[ppm]

1

800

2

1500

3

800

4

800

5

800

6

800

100

7

800

100

100

8

800

100

100

200
400
200

200

400

400

9

200

10

400

11

200

100

12

200

100

100

200

100

100

13

500

14

400

15

800

16

400

100

17

400

100

100

400

100

100

18

800

19

100

20

200

21

200

400

100

22

800

200

400

100

23

1500

300

600

100
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An example of light-off test is depicted in Figure 65.

Figure 65. An example of light-off test for the rear core, using inlet composition of test
#05 at standard space velocity of 60,000 1/hr

6.3 Kinetic model development and calibration
A global reaction model was defined and calibrated in 1D CFD software GTSUITE. The specific reaction rates or the turnover number rate (𝑅𝑖 ) is expressed in
units of mol/mol-site/sec, where mol-site is the active site density participating in
the reaction. Site densities were calibrated, at the same time, with the pre-exponent
multipliers to match measurement data. Unless otherwise noted, all rates were
assumed to be first order with respect to each reactant concentration. The Arrhenius
expression was chosen for the form of the kinetic rates, Equation 7. The reaction
model includes HC adsorption/desorption reactions on zeolite, water gas shift,
steam reforming, oxidation reactions and NOx reduction via HC as reported in Table
39 [101,103,110,117].
Table 39. Reaction model for the DOC component
#

Site

Reactions

1

Zeolite

𝑍 + 𝐶10 𝐻22 → 𝑍 − 𝐶10 𝐻22

2

Zeolite

𝑍 − 𝐶10 𝐻22 → 𝑍 + 𝐶10 𝐻22

3

PGM

𝐶𝑂 + 0.5𝑂2 → 𝐶𝑂2

4

PGM

𝐶3 𝐻6 + 4.5𝑂2 → 3𝐶𝑂2 + 3𝐻2 𝑂

5

PGM

𝐶10 𝐻22 + 15.5𝑂2 → 10𝐶𝑂2 + 11𝐻2 𝑂

6

PGM

𝑁𝑂 + 0.5𝑂2 → 𝑁𝑂2

7

PGM

𝐶3 𝐻6 + 9𝑁𝑂2 → 9𝑁𝑂 + 3𝐶𝑂2 + 3𝐻2 𝑂

8

PGM

𝐶10 𝐻22 + 31𝑁𝑂2 → 31𝑁𝑂 + 10𝐶𝑂2 + 11𝐻2 𝑂
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9

PGM

𝐶𝑂 + 𝑁𝑂2 → 𝑁𝑂 + 𝐶𝑂2

10

PGM

𝐶3 𝐻6 + 9(1 + 𝑦 ′ )𝑁𝑂 → 3𝐶𝑂2 + 3𝐻2 𝑂 + 4.5(1 − 𝑦 ′ )𝑁2 + 9𝑦 ′ 𝑁2 𝑂

11

PGM

𝐶10 𝐻22 + 31(1 + 𝑦′′)𝑁𝑂 → 10𝐶𝑂2 + 11𝐻2 𝑂 + 15.5(1 − 𝑦′′)𝑁2 + 31𝑦′′𝑁2 𝑂

The reaction rate expression for each reaction listed in Table 39 is reported in
Table 40. It is worth mentioning that 𝐼𝑖 is the inhibition function of each reaction.
Suitable inhibition terms are defined such that the behavior of the system can be
simulated by the model; however, due to confidentiality reasons the form of
inhibition terms are not expressed.
Table 40. Reaction rate expressions for the DOC component

#

Reaction Rate

1

𝐴1 𝐶𝐶10𝐻22 (1 − 𝜃𝐶10𝐻22 )

2

𝐴2 exp (−

3
4

𝐴3 exp (−
𝐴4 exp (−

𝐸2
)𝜃
𝑅𝑇 𝐶10 𝐻22

𝐸3
) 𝐶 𝐶 /𝐼
𝑅𝑇 𝐶𝑂 𝑂2 3

𝐸4
)𝐶
𝐶 /𝐼
𝑅𝑇 𝐶3 𝐻6 𝑂2 4

5

𝐴5 exp (−

𝐸5
)𝐶
𝐶 /𝐼
𝑅𝑇 𝐶10 𝐻22 𝑂2 5

6

𝐴5 exp (−

𝐸5
)𝐶
𝐶 /𝐼
𝑅𝑇 𝐶10 𝐻22 𝑂2 5

7

𝐴7 exp (−

𝐸7
)𝐶
𝐶 /𝐼
𝑅𝑇 𝐶3 𝐻6 𝑁𝑂2 7

8

𝐴8 exp (−

𝐸8
)𝐶
𝐶 /𝐼
𝑅𝑇 𝐶10 𝐻22 𝑂2 8

9
10
11

𝐴9 exp (−
𝐴10 exp (−
𝐴11 exp (−

𝐸9
) 𝐶 𝐶 /𝐼
𝑅𝑇 𝐶𝑂 𝑁𝑂2 9

𝐸10
)𝐶
𝐶 /𝐼
𝑅𝑇 𝐶3 𝐻6 𝑁𝑂 10

𝐸11
)𝐶
𝐶 /𝐼
𝑅𝑇 𝐶10 𝐻22 𝑁𝑂 11

The calibration was performed using Genetic Algorithm embedded in GTSUITE with the aim to minimize the objective function defined as the cumulative
absolute error between simulated and measured outlet concentration of different
species. In order to find the kinetic parameters, it is required to define a sequential
calibration strategy and categorize the reaction model into several steps according
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to the test protocol so that in each step of the calibration the number of independent
variables (unknowns) are reduced as much as possible and the reactions can be
isolated using primary single species test, and then moving to more complex gas
mixtures to calibrate the interaction of different species on each other. Therefore,
the calibration was performed using the following sequence: It should be noted that
overall 46 parametes are unknown, including 18 pre-exponent mutlplier, 17
activation energies, 9 exponents for the inhibition terms and 2 site densities.
1. Adsorption/desorption kinetic parameters, 𝐴1 , 𝐴2 , 𝐸2 , in addition to zeolite
site density are found using the TPD test data with the aim to minimize the
objective function defined by Equation 61. A population size of 16, 20
generations and mutation rate of 0.25 (defined based as 1 over number of
independent variables) were selected for the GA optimization settings.
𝑡1

𝐹𝑜𝑏𝑗 = ∫ |(𝐶𝐶10𝐻22 )𝑠𝑖𝑚 − (𝐶𝐶10 𝐻22 )𝑚𝑒𝑎𝑠 |𝑑𝑡

(61)

0

It is worth mentioning that 𝑡1 is selected such that only the effect of
adsorption/desorption is considered and the effect of steam reforming and
water gas shift can be neglected, around 5000-5200 seconds marked with
red circle in Figure 66. Considering that in real driving operating
condition, lean exhaust and excess of O2, after light-off is reached the rate
of oxidation reactions are much higher than steam reforming and water gas
shift and therefore the mentioned reactions do not play a significant role.
Moreover, as it can be observed in Figure 66, at lower temperatures WGS
and SR are not active. Therefore, either the reactions can be neglected
from the kinetic model or can be calibrated after determination of PGM
site density, step 2, focusing on CO and decane traces.

Figure 66. Comparison between simulated and measured decane concentration in TPD
test for the front core, characterization of HC trapping

As an example, the progress of objective function and independent variables
for the front core sample are shown in Figure 67. It can be observed that
after a certain number of iterations, the objective function and independent
variables converge to the optimized values.
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Figure 67. An example of GA optimization tool application for calibration of DOC
kinetic parameters for the front core; a) independent variables as a function of iterations;
b) progress of objective function

2. Using test#14 and #15 from light-off experiments, Table 38, which only
includes decane in the inlet batch, gives the possibility to calibrate C10H22
oxidation parameters, 𝐴5 , 𝐸5 in addition to PGM site density. The
objective function is defined according to Equation 61., using 16
population, 20 generations and a mutation rate of 0.3. As an example, a
comparison between simulated, optimization results, and measured decane
concentrations are shown in Figure 68 for the front core and the rear core
for selected tests. It can be observed that the results of the front core,
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Figure 68-a, shows trapping of decane at lower temperatures due to
presence of zeolite coating; however, in the rear core, Figure 68-b, the
effect of zeolite HC trapping is not detected.

Figure 68. Simulated and measured concentrations of C10H22 after calibration of C10H22
oxidation kinetic constants; a) front core; b) rear core

3. Test#01, #02 are used for calibration of CO oxidation parameters (𝐴3 , 𝐸3 )
in addition to the CO inhibition term. 16 population size and 25
generations was selected with the aim to minimize the objective function is
defined by Equation 62:
𝑡𝑒𝑛𝑑

𝐹𝑜𝑏𝑗 = ∫ |(𝐶𝐶𝑂 )𝑠𝑖𝑚 − (𝐶𝐶𝑂 )𝑚𝑒𝑎𝑠 |𝑑𝑡

(62)

0

4. Calibration of C3H6 oxidation parameters (𝐴4 , 𝐸4 ) and propylene inhibition
term parameters, using experimental data of test #09 and #10 with 20
population size, 25 generations and 0.2 mutation rate. The objective
function is defined by Equation 63: As an example, a comparison between
optimization results and measured propylene concentrations are shown in
Figure 69 for the front core and the rear core for selected tests.
𝑡𝑒𝑛𝑑

𝐹𝑜𝑏𝑗 = ∫ |(𝐶𝐶3 𝐻6 )𝑠𝑖𝑚 − (𝐶𝐶3𝐻6 )𝑚𝑒𝑎𝑠 |𝑑𝑡
0

(63)
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Figure 69. Simulated and measured concentrations of C3H6 after calibration of C3H6
oxidation kinetic constants; a) front core; b) rear core

5. Calibration of NO oxidation parameters (𝐴6 , 𝐸6 ) and inhibition term, using
experimental data of test #19 and #20 with 20 population size, 25
generations and 0.2 mutation rate. The objective function is defined by
Equation 64: As an example, a comparison between simulated, optimization
results, and measured NO and NO2 concentrations are shown in Figure 70
and Figure 71 , respectively, for the front core and the rear core for selected
tests; showing acceptable matching between simulated with measured
traces.
𝑡𝑒𝑛𝑑

𝐹𝑜𝑏𝑗 = ∫ (|(𝐶𝑁𝑂 )𝑠𝑖𝑚 − (𝐶𝑁𝑂 )𝑚𝑒𝑎𝑠 |
0

+ |(𝐶𝑁𝑂2 )𝑠𝑖𝑚 − (𝐶𝑁𝑂2 )𝑚𝑒𝑎𝑠 |)𝑑𝑡

(64)
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Figure 70. Simulated and measured concentrations of NO after calibration of NO
oxidation kinetic constants; a) front core; b) rear core

Figure 71. Simulated and measured concentrations of NO2 after calibration of NO
oxidation kinetic constants; a) front core; b) rear core

After calibration of pre-exponent multipliers and activation energies of
oxidation reactions and inhibitions terms using single species experiments, the tests
with more than 1 trace species present in the inlet batch can be used to determine
the exponents of inhibition terms.
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6. Therefore, test #04 which includes CO and C10H22 in the inlet batch is
used for the calibration of CO inhibition effect on decane oxidation
reaction, with 16 population size, 10 generations and 1 mutation rate. The
objective function is defined by Equation 61.
7. The interaction between NO and CO can be characterized using test#06 and
test#07 experimental data, giving the possibility to optimize NO inhibition
exponent effect on CO oxidation in addition to 𝐴9 and 𝐸9 (reaction#9
parameters of in Table 39 and Table 40. The objective function is defined
as weighted error between simulated and measured traces of NO, NO2 and
CO, Equation 65, and optimization settings include 16 population size, 20
generations and 0.333 mutation rate.
𝑡𝑒𝑛𝑑

𝐹𝑜𝑏𝑗 = ∫ (𝑤1 |(𝐶𝑁𝑂 )𝑠𝑖𝑚 − (𝐶𝑁𝑂 )𝑚𝑒𝑎𝑠 |
0

(65)
+ 𝑤2 |(𝐶𝑁𝑂2 )𝑠𝑖𝑚 − (𝐶𝑁𝑂2 )𝑚𝑒𝑎𝑠 |
+ 𝑤3 |(𝐶𝐶𝑂 )𝑠𝑖𝑚 − (𝐶𝐶𝑂 )𝑚𝑒𝑎𝑠 |)𝑑𝑡

8. The interaction between CO and C3H6 is characterized using test #03 and
the inhibition terms are calibrated using objective function defined in
Equation 66. Optimization settings include 16 population size, 20
generations and 0.5 mutation rate.
tend

Fobj = ∫ (w1 |(CC3 H6 )sim − (CC3 H6 )meas |
0

(66)

+ w2 |(CCO )sim − (CCO )meas |)dt
9. Test #05, including CO, C3H6 and C10H22 is used, is used to characterize
propylene inhibition effect on decane oxidation with the aim to minimize
objective function defined in Equation 61 and optimization settings defined
in step 6.
The last two steps include characterization of interaction between HCs and NOx
and N2O production.
10. Test #16 and #17, including NO and decane in the inlet, are used to obtain
the kinetic parameters of 𝐴8 , 𝐸8 , 𝐴11 , 𝐸11 listed in Table 39 and Table 40.
The optimization settings contain 80 population size, 30 generations and a
mutation rate of 0.111 with the aim of minimizing the objective function
defined in Equation 67.
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𝑡𝑒𝑛𝑑

𝐹𝑜𝑏𝑗 = ∫ (𝑤1 |(𝐶𝑁𝑂 )𝑠𝑖𝑚 − (𝐶𝑁𝑂 )𝑚𝑒𝑎𝑠 |
0

(67)

+ 𝑤2 |(𝐶𝑁𝑂2 )𝑠𝑖𝑚 − (𝐶𝑁𝑂2 )𝑚𝑒𝑎𝑠 |
+ 𝑤3 |(𝐶𝑁2 𝑂 )𝑠𝑖𝑚 − (𝐶𝑁2 𝑂 )𝑚𝑒𝑎𝑠 |
+ 𝑤4 |(𝐶𝐶10 𝐻22 )𝑠𝑖𝑚 − (𝐶𝐶10 𝐻22 )𝑚𝑒𝑎𝑠 |)𝑑𝑡

11. Test #11 and #12, including NO and propylene in the inlet, are used to obtain
the kinetic parameters of 𝐴7 , 𝐸7 , 𝐴10 , 𝐸10 in addition to corresponding
inhibition term parameters (𝐼10 ) listed in Table 39 and Table 40. The
optimization settings contain 80 population size, 30 generations and a
mutation rate of 0.111 with the aim of minimizing the objective function
defined in Equation 68.
𝑡𝑒𝑛𝑑

𝐹𝑜𝑏𝑗 = ∫ (𝑤1 |(𝐶𝑁𝑂 )𝑠𝑖𝑚 − (𝐶𝑁𝑂 )𝑚𝑒𝑎𝑠 |
0

(68)

+ 𝑤2 |(𝐶𝑁𝑂2 )𝑠𝑖𝑚 − (𝐶𝑁𝑂2 )𝑚𝑒𝑎𝑠 |
+ 𝑤3 |(𝐶𝑁2 𝑂 )𝑠𝑖𝑚 − (𝐶𝑁2 𝑂 )𝑚𝑒𝑎𝑠 |
+ 𝑤4 |(𝐶𝐶3 𝐻6 )𝑠𝑖𝑚 − (𝐶𝐶3 𝐻6 )𝑚𝑒𝑎𝑠 |)𝑑𝑡

The list of calibration parameters including the range of variation and the
optimized values are reported in Table 41. It should be noted the pre-exponent
multipliers and activation energies are represented in the form of 10[A] and 10[Ea] in
order to cover higher range in the calibration process. In addition, the optimized
value for the site densities are reported in Table 42.
Table 41. Optimized values and range of pre-exponent multipliers and activation energies
of the reactions for the DOC kinetic model

Reaction

Pre-exponent Multiplier 10[A]
Range

Front

Rear

Activation Energy10[Ea]
Range

Front

Rear
-

1

-2 – 1.5

1.009

-

-

-

2

2–8

5.210

-

4–6

4.800

3

13 – 17

14.523

14.814

2–8

4.993

4.993

4

14.5 – 19.5

17.709

16.902

13 – 17

5.096

5.075

5

15.5 – 19.5

17.156

17.539

4–6

5.135

5.135

6.3 Kinetic model development and calibration

139

6

2–6

4.339

5.556

3–5

4.469

4.533

7

11 – 18

11.675

13.726

3 – 6.5

4.645

4.841

8

12 – 20

15.063

16.706

3.5 – 6.5

4.950

5.010

9

7 – 11

7.143

8.217

3–5

3.214

3.786

10

12 – 24

17.437

17.888

3.5 – 6.5

5.074

5.076

11

12 – 24

23.556

22.940

3.5 – 6.5

5.185

5.140

Table 42. Optimized values and range of site densities for the DOC kinetic mod

Parameter

Range

Front

Rear

Zeolite Site Density

10 – 30

19.844

-

PGM Dispersion Factor

0.3 – 1.1

0.656

0.518

In the following part, the optimized calibrated parameters are inserted in the
DOC kinetic scheme for the validation of the model using the experimental data
with more complex gas mixture at the inlet.
As an example, test #08, #22 and #23, in which the inlet batch composition
includes all the trace species as reported in Table 38, are selected for validation.
Temperature profiles during the tests are depicted in Figure 72, for the front and the
rear core samples. It can be observed that the assumption of isothermal condition
can be confirmed and temperature drop due to heat transfer is not detected from
measurements. Slight increase in temperature across the DOC is seen comparing
the inlet and outlet temperatures which is due to the exotherm effect of oxidation
reactions. Moreover, it is worth noting that the model predictions are in good
agreement compared to measured values.
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Figure 72. Temperature profiles across DOC; a) front core; b) rear core

The results of the CO, C3H6 and C10H22 traces are shown in Figure 73 and
Figure 74 for the front and the rear cores, respectively. It can be observed that the
model predictions are in agreement with measured data for CO and HCs regarding
light-off, while for the model over-estimates the light-off for decane in the front
core data, Figure 73-c. It is worth mentioning that inlet conditions are assumed to
be equal to nominal values in the model, since measurements were not performed
at the inlet of DOC and therefore slight variations, such as higher concentration of
propylene before light-off for test #23, Figure 73-b and Figure 74-b, are acceptable
considering that real dosing might differ from nominal condition. In addition, it can
be observed that the front core decane adsorption, thanks to zeolite coating, is wellcaptured by the model. It can also be confirmed that HC trapping is only applied to
long chain HC, C10H22, and the measurements do not suggest C3H6 trapping which
was also not included in the model.
In addition focusing on CO concentrations of the front core sample, Figure 73a, and C10H22, Figure 73-c, concentrations, as previously mentioned, it can be
confirmed that steam reforming and water gas shift do not play significant role in
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the lean condition where excess of O2 is present and therefore for model
simplifications SR and WGS can be disregarded from kinetic scheme calibration.
The NO, NO2, NOx and N2O traces are shown in Figure 75 and Figure 76 for
the front core and the rear core samples, respectively, using inlet condition specified
by test #08, #22 and #23. Test #08, includes NO2 in the inlet batch and it can be
observed that at lower temperatures, before CO light-off, reaction #09 in Table 39
results in production of NO; however, after CO light-off is reached the rate of
reaction of CO oxidation overcomes reaction #09 and CO will be oxidized.
Referring to NO concentration, Figure 75-a, it can be observed that by increasing
temperature NO oxidation leads to higher amount of NO2 production.
Moreover, due to differences is PGM loading and formulation, Pd/Pt ratio,
between the rear and the front core, NO oxidation rate and NO2 production is
different [118]. This behavior can be observed comparing NO traces at the outlet of
DOC of the front and the rear cores, Figure 75-a and Figure 76-a, respectively.
As expected, NOx concentration is constant and equal to the inlet during the
test, Figure 75-c and Figure 76-c, except during N2O production, Figure 75-d and
Figure 76-d, which depends on HC and NO concentrations in addition to
temperature; thus, a maximum in N2O production coincident with a minimum in
NOx traces is detected. Considering that front core limits decane concentration due
to adsorption, lower amount of N2O is produced, Figure 75-d, with respect to the
rear core in which higher amount of decane is available, Figure 76-d.
In summary, the model predictions for both cores are in satisfactory agreement
with measured data and the provided calibration guideline and automatic
optimization tool can be successfully implemented for finding kinetic parameters
of a DOC model.
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Figure 73. Results of validation of the DOC kinetic model at standard space velocity of
60,000 1/hr for the front core, concentration of trace species; a) CO; b) C3H6; c) C10H22

6.3 Kinetic model development and calibration

143

Figure 74. Results of validation of the DOC kinetic model at standard space velocity of
60,000 1/hr for the rear core, concentration of trace species; a) CO; b) C3H6; c) C10H22
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Figure 75. Results of validation of the DOC kinetic model at standard space velocity of
60,000 1/hr for the front core, concentration of trace species; a) NO; b) NO2; c) NOx; d)
N2O
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Figure 76. Results of validation of the DOC kinetic model at standard space velocity of
60,000 1/hr for the rear core, concentration of trace species; a) NO; b) NO2; c) NOx; d) N2O

In conclusion, it can realized that the application of GA optimization tool in
calibration of a kinetic model for aftertreatment systems can successfully predict
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the behavior of the system compared with measured data assuring that the objective
fuction, in this case the error between simulation and measurement, will not trap in
local minimum and that a deep knowledge of kinetics will not be required due to
not dependency of the optimization results to the starting point. Therefore, through
definition of a step-by-step guideline, as presented in this Chapter, the modeler can
take advantage of more automatic approaches with higher level of accuracy and less
effort instead of traditional methods such as manual calibration or optimization
tools which depend on initial guess.

Chapter 7
Conclusions
Controlling emissions of a lean exhaust requires a combination of system of
aftertreatment technologies such as Diesel Oxidation Catalyst (DOC) to reduce
hydrocarbon (HC) and CO emissions, Lean NOx Trap (LNT) to reduce NOx, CO
and HC emissions, Selective Catalytic Reduction (SCR) for NOx control and Diesel
Particulate Filter (DPF) for PM emissions. Reliable and computationally efficient
simulation models can support the optimization of such complex systems thanks to
their reduced time and cost expenses. Therefore, the innovative contribution
expected from this research was the assessment, through a new comprehensive
numerical model of the whole powertrain system, including the aftertreatment, of
the more promising technology mix to reach the future challenging emissions and
fuel economy targets for diesel powertrain for passenger car applications.
In the current work the performance of 3 different aftertreatment components
including Diesel Oxidation Catalyst (DOC), Lean NOx Trap (LNT) and Selective
Catalytic Reduction coated on Filter (SCR-F) is analyzed both experimentally and
numerically. The experimental activity for the three mentioned components are
performed, separately, by defining suitable test protocols on Synthetic Gas Bench
(SGB) using controlled species concentrations, temperature and mass flowrates
with the aim to register sufficient information for the calibration of simulation
model. Afterwards, the simulation model for each technology is built using a
commercially available software, 1D GT-SUITE, and a proper global kinetic model
is calibrated through suitable optimization tool.
Furthermore, the SCR-F model was calibrated using Brent method optimization
according to Temperature Programmed Desorption (TPD), Temperature
Programmed Reduction (TPR) and NO oxidation tests for different levels of soot
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loading of a Cu-Zeolite reactor-scale sample. The model successfully captured the
effect of NO2/NOx ratio and temperature on soot regeneration due to passive
regeneration, ammonia storage capacity and NOx reduction.
In addition, a Lean NOx Trap kinetic model was developed based on two
experimental dataset case studies with the aim of characterizing Oxygen Storage
Capacity (OSC), light-off and NOx Storage and Reduction (NSR) for reactor-scale
cordierite samples. A three-site model for NOx storage and reduction on barium site
was proposed and according to sequence of NO, NO2 and by-products such as N2O
and NH3 formation during rich phase of NSR, it was found out that NH3 acts as a
secondary reductant for further NOx reduction. Moreover, the effect of different
reductants such as CO, H2 and HC on NOx reduction and by-products formation
were assessed at different temperature levels. The simulated results showed
satisfactory agreement with measured data. Considering that the LNT kinetic
scheme is complex and it is required to find suitable set of reactions to mimic
measurement traces, manual calibration was applied in most cases.
Afterwards, the LNT model calibrated for reactor-scale component was upscaled and the engine-out emissions, mass flowrate and temperature over WLTC
driving cycle was used as the input in full-size model for validation and assessment
of the performance of the whole aftertreatment system to reduce NOx efficiently. It
is worth mentioning that kinetic parameters previously calibrated were kept
constant and only reasonable adjustments were applied to consider the effect of
geometry; therefore, confirming that the full-size component can differ in terms of
external heat loss, uniformity of temperature across a defined cross section, ageing
and species concentrations (such as HC speciation). It was shown that the model
predictions were in agreement with measurements with a maximum error of 6% in
terms of total cumulative NOx mass along the cycle; thus, confirming the reliability
of the model.
After the validation of the LNT model, the model was further reduced and
linearized with reasonable assumptions to be converted in fast running plant model
for control and real time applications such Electronic Control Unit
(ECU)/Hardware-in-the-Loop (HiL) systems using block-in-series approach. The
computational run-time of the model was around one fifth of real time using a PC
processor with acceptable accuracy.
Finally, the application of Genetic Algorithm for calibration of kinetic model
of aftertreatment models was assessed for a zone-coated DOC using SGB
experimental data and the model was validated for different complex gas mixtures.
In conclusion, it has been proved that reactor-scale measurements performed
through suitable test protocols can assist the calibration of kinetic parameters of a
simulation model which can be further validated for full-size sample using engineout emissions as the input. Moreover, the models can be further combined to
simulate the whole aftertreatment system, including DOC+SCR-F or LNT+SCR-F,
with the aim to assess the performance of the system over driving cycles.
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