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Abstract

Further stringent emission regulations of modern diesel engines call for a more precise prediction of NO, emissions, thus
enabling a better control of the exhaust-gas aftertreatment systems. A major part of the NO, emissions is emitted before the
light-off temperature of the selective catalytic reduction (SCR) catalyst is reached. Therefore a precise emissions prediction
is necessary during the cold start phase of a diesel passenger car. Recent measurements show that NO, emissions can be
stored in the SCR catalysts during cold start. Furthermore a part of this stored NO, can be reduced during the driving cycle.
This paper describes an empiric model predicting the NO, storage behaviour during vehicle cold start. In a previous work
the main influence parameters on the NO, storage behaviour were investigated on a synthetic gas test bench. The knowledge
gained from the previous research work defines the necessary input parameters for the NO, storage model. These investiga-
tions showed that the NO, storage effect strongly depends on the ammonia (NH;-) level stored in the catalyst, exhaust-gas
mass flow, the water adsorbed (H,O) on the catalyst, and the temperature of the catalyst. The model was implemented for
on-filter and flow-through SCR catalysts. There are two similar models, one for the close-coupled SCR system and the other
one for the underfloor SCR system. Each NO, storage model is split into an adsorption part and a desorption part. For both
parts the pre-conditioning from the previous driving cycle is taken into account, which means that the catalyst state at the
end of the last driving cycle initializes the model data for the current cycle, in consideration of the downtime between the
two cycles. The desorption part calculates the NO, conversion amount and defines the desorption mass flow of NO, resulting
from the NO, storage effect. The developed NO, storage model has been validated with roller dynamometer measurements
and with real world driving cycles.

Keywords Cold start NO, emissions - Real driving emissions - NO, storage behaviour - NO, reduction - NO, adsorption -
NO, desorption - SCR catalyst

Abbreviations NH; Ammonia
ASC Ammonia slip catalyst NO Nitrogen oxide
CcO Carbon monoxide NO, Nitrogen dioxide
Co, Carbon dioxide NO, Nitrogen oxides
DOC Diesel oxidation catalyst PEMS Portable emission measurement systems
DPF Diesel particulate filter PM Particulate matter
ECU Engine control unit 0, Oxygen
HC Hydrocarbons SCR Selective catalytic reduction
HNCO Isocyanic acid
H,0 Water
(NH,),CO Urea 1 Introduction
N, Nitrogen
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of different catalytic converters installed. A state of the
art diesel passenger vehicle exhaust aftertreatment sys-
tem consists of a diesel oxidation catalyst (DOC), a diesel
particulate filter (DPF) with SCR coating, a selective cata-
lytic reduction catalyst (SCR), and an optional NH3 slip
catalyst (ASC). [1-3]

However this complex setup of different hardware com-
ponents leads to a challenge in modelling those exhaust
aftertreatment components. Furthermore the different
components influence each part of the exhaust aftertreat-
ment system downstream with respect to the modelling
and performance behaviour. In order to implement an
emission model of each system component in the engine
control unit (ECU) an overall understanding and the inter-
action of each system is necessary. For example to reduce
the HC and CO emissions a DOC is installed upstream in
the exhaust system. As it reaches its light-off temperature,
the DOC helps to heat up the components downstream due
to its exothermic oxidation reaction. [4].

For optimum control of the SCR system a lot of differ-
ent model types are needed to depict the ongoing process
in an SCR catalyst, such as the NH; storage behaviour [5,
6], ageing effects [7], oxidation processes [8] and so on.
[9, 10]

In order to enable fast heating up of the SCR catalyst, so
it reaches its light off point earlier, a diesel particulate fil-
ter (DPF) in close-coupled position with an SCR coating is
used [11]. The combination of these features allows a better
packaging because less overall volume is needed [12]. The
improved heating up of the SCR on-filter layout, leads to an
improved cold start emission behaviour [10, 13].

Combining an on-filter SCR catalyst with a second flow-
through SCR catalyst in the underfloor offers a better NO,
reduction potential at higher operating temperatures, occur-
ring at high load driving cycles and during DPF regenera-
tion. Combining two SCR catalytic systems in one exhaust
aftertreatment system also increases the overall functional
SCR volume. The system efficiency can be further increased
by mounting two separate urea dosing valves for each cata-
lyst, offering an optimized usage of the dosed urea and pro-
viding the optimal urea amount in each catalyst depending
on the driving situation. Two urea dosing units in combi-
nation with an intelligent control unit enable a lower NH;
oxidation in high dynamic driving conditions such as the
DPF regeneration. [14]

Currently, the most effective way to reduce NOx emis-
sions from lean-burn diesel engines is using a SCR cata-
lyst [15, 16]. Beyond the light-off temperature the general
SCR procedure is well known and there are several models
describing the catalytic behaviour in this temperature region
[16—18]. Furthermore the different reaction mechanisms
needed for the SCR reactions to take place have been studied
thoroughly by a variety of research groups [19, 20].

@ Springer

Due to the lean combustion of the diesel engine, a reduc-
ing agent is needed in the catalytic process of the SCR sys-
tem [21]. In stationary applications often pure ammonia is
used [22]. However, for mobile applications pure ammonia
is not suitable due to safety and storing reasons, because
of its toxic, corrosive and flammable characteristics [23].
An aqueous solution of water and urea, so called AdBlue®,
enables the SCR catalysis for the mobile application. There
are three main steps needed to release the ammonia from the
urea solution in a gaseous state for the SCR reaction. In the
first reaction step the water in the aqueous solution evapo-
rates (1), after this the thermolysis (2) of the urea generates
ammonia and isocyanic acid. In the last step the hydrolysis
(3) of the isocyanic acid with water urea reacts to ammonia
and carbon dioxide. [23-25]

evaporation : (NHZ)ZCO(aq) - (NHZ)ZCO(I) + 6.9H20(g)
(H

thermolysis : (NH,),CO;, — NHy,, + HNCO,,, )

hydrolysis : HNCO, + H20(g) = NHj ) + COyy 3)

Furthermore, current small-pore zeolites have multiple
storage sites for NH; adsorption and desorption. Typically
the storage capacity is available at temperatures below
200 °C and decreases with rising temperature. This leads to
possible NO, reactions during cold start because of available
NH;. [26-32]

Depending on the exhaust gas composition in the SCR
catalyst, different NO, reduction reactions take place. There
are three main reaction paths, the so-called standard SCR
(4), fast SCR (5) and the NO, SCR (6) reaction. For the
standard SCR reaction only ammonia, nitrogen oxide and
oxygen are needed. However, the fast SCR reaction needs an
equimolar amount of NO and NO,. The NO, SCR reaction
has the big disadvantage, that it has a higher NH; consump-
tion compared to the other mentioned reactions. Compared
to the fast SCR reaction the standard one starts at lower
catalyst temperatures. [30-35].

standardSCR : 4NO + 4NH; + O, = 4N, + 6H,0 4)
fastSCR : NO + NO, + 2NH; — 2N, + 3H,0 )

NO2SCR : 6NO, + 8NH; — TN, + 12H,0 6)

The transport sector is one of the leading sectors in CO,,
NO, and PM emissions [33]. Currently the diesel engine
plays a major role in the transport sector, highlighting the
need for lower emissions of those vehicles [34]. The world
harmonized light vehicle test procedure (WLTP) and the real
driving emissions regulation (RDE) lead to a more complex
legislation in Europe [35]. Additionally other countries such
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as China, Brazil and India, are also introducing more strin-
gent emissions regulations in the next couple of years [36].
Furthermore there will be a greater focus on the cold start
in RDE cycles, with extended temperature regions [37]. A
large portion of the NO, emissions occur during the vehi-
cle cold start. During cold start conditions the SCR exhaust
aftertreatment system has major drawbacks[38, 39]. The
low catalyst temperatures lead to a strongly reduced NO,
conversion rate [38, 39]. On the one hand a fast heat-up of
the catalysts keeps the NO, emissions to a minimum, on the
other hand it comes at the expanse of CO, emissions.

Under dry conditions modern SCR catalysts show the
possibility of storing NO, during cold start and partially
reducing those during heat-up [40, 41]. This NO, reduction
potential is depending on pre-conditioning of the SCR cata-
lyst, therefore it cannot directly be controlled [42]. However,
there are several research works directed at optimizing the
NO, storage effect by adapting the chemical composition of
the washcoat [43—45]. To meet future emission regulations
bigger overall catalyst volumes are needed. The absolute
amount of NO, storage capacity scales with the volume of
the catalyst.

The basic influence parameters on the NO, storage
effect have been studied in a previous study [42]. This
work focuses on the modelling of the NO, storage effect for
implementation in the ECU. The effects of the NO, storage
behaviour have first been seen during vehicle measurements
and have successfully been replicated on a synthetic gas test
bench for a Cu-zeolite. As long as the SCR catalyst is dry
and cold, NO, can be adsorbed, leading to zero tailpipe NO,
emissions. However, as water steam from the exhaust gas
upstream of the exhaust system reaches the SCR catalyst, it
condensates on the zeolite and causes a sudden temperature
rise. The water in the exhaust gas originates from the burned
fuel and the water content of the intake air. This temperature
increase subsequently causes the NO, adsorption to end, fol-
lowed by a partial desorption of the stored NO, emissions.
The rest of the stored NO, is reduced by the available NH;
on the catalyst. This entire process lasts from a few sec-
onds up to a couple of minutes, depending on the exhaust-
gas mass flow, water concentration in the exhaust gas and
temperature. Furthermore condensed water on the catalyst
strongly inhibits the NO, storage capacity and drastically
reduces the time need for the whole process. [42]

The modelling of the NO, storage behaviour enables
a better utilization of the CO,-NO, trade-off, by increas-
ing the robustness of the modelled NO, during cold start.
Furthermore, this model aims to improve the signal quality
for the ammonia dosing strategy, by correcting the NH;
storage level by the amount of the converted part of the
stored NO, during cold start. Therefore, the model corrects
the NHj; storage in a way that both possible dosing errors
generated by the NO, storage behaviour can be avoided.

An overdosing can cause NHj; slip and an underdosing may
lead to a reduced NO, reduction.

Beyond this the worst-case scenario is that the SCR cat-
alyst has a high amount of preloaded NO, at the beginning
of the vehicle cold start. In this scenario the cumulated
NO, emissions after the catalyst can exceed the upstream
NO, emissions during the desorption phase. Such a high
NO, preloading can be caused by a preconditioning with
only long idle times or short vehicle manoeuvres. An
exemplary measurement with a worst-case precondition-
ing can be seen in Fig. 1. The preconditioning causes the
absence of the adsorption phase of the NO, storage effect
for the close-coupled SCR system. However for both SCR
systems a preabsorbed amount of NO, is emitted during
the desorption phase. At the first cursor position the end of
the desorption phase of the close-coupled SCR system is
reached and the cumulated NOx emissions of the up- and
downstream of the SCR system are almost the same. The
underfloor SCR system exceeds the cumulated engine out
NO, emissions during the desorption phase. This leads
to very high overall NO, emissions during the cold start
phase. At the second cursor position the end of the desorp-
tion phase of the underfloor SCR system is reached. The
higher NO, emissions caused by a worse preconditioning
lead to an overall negative impact to meet future stringent
emission regulations.

2 Modeling
2.1 Requirements

As mentioned above the model shall be implemented in the
ECU. For the ECU model an empirical model approach has
been chosen, due to its short computation time and lower
power requirements. The use of constants, 2D and 3D maps
enable the modelling of non-linear behaviour depending
on the driving condition. Furthermore, a map-based model
offers a more comprehensible calibration process during
development.

The aim of this model is to increase the model accuracy
for other ECU models by depicting the NO, storage behav-
iour during cold start. The main challenge hereby is to fulfil
the wide range of RDE boundary conditions.

In order to guarantee the required model quality, the NO,
storage behaviour is implemented for close-coupled SCR
systems and the underfloor SCR systems separately. The
structural overview of the vehicle exhaust aftertreatment
system can be seen in Fig. 2.

Furthermore, gas sampling ports and temperature sensors
have been installed in the exhaust aftertreatment components
to validate the iterative model calibration process.

@ Springer
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Fig.1 Test cycle with an
exemplary worst precondition-
ing cycle
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Fig.2 Vehicle exhaust aftertreatment components according to Deinhofer et al. [42]

2.2 Structure

The NO, storage models for the close-coupled SCR and the
underfloor SCR have the same basic structure, despite the
parameter sets between the two are clearly different. Basi-
cally, the model itself is split into two consecutive parts,
the adsorption part and the desorption part. An overview
of the basic sequence of the model blocks can be seen in
Fig. 3. The main input parameters have been defined by

@ Springer

the previous research work [42]. The NO, storage model
uses the NO, concentration (c_NO,), the NO, mass flow
(mf_NO,), the adsorbed water on the catalyst (m_H,0), the
catalyst temperature (T_SCR), the exhaust mass flow (mf_
exhaust) and the NH; storage level of the catalyst (m_NHj)
as input signals. The model output NO, concentration as
well as the mass flow and the NH; storage level are calcu-
lated as a result of the NO, storage behaviour. The calcu-
lation of each block is based on characteristic curves and
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Fig.3 Basic model sequence of the NO, storage function

maps, which were supplied by a wide range of previous per-
formed measurements on the roller test bench and during on
road tests. In a previous work [42] hydrocarbons and carbon
monoxide have been determined as influence parameters.
These are not considered in this model, because of missing
measurement sensors and adequate modelled values. This
could be an addition to the current model for future works.

The adsorption block is positioned before the desorp-
tion block. The adsorption block takes the preconditioning
caused by the previous driving cycle into account, for exam-
ple initialize stored NO, during subsequent short driving
cycles. The storage behaviour of the catalyst is regulated by
the adsorption block, including possible NO, slip caused by
particular operating conditions. After the adsorption phase,
the desorption block of the NO, storage model is activated.
Depending on the operating conditions of the catalyst the
amount of desorbed NO, is calculated. The desorbed NO,
amount is then added to the upstream NO, signal of the
catalyst. The output signals of the SCR NO, storage function
block act as an input signal for the other SCR model blocks
in the ECU.

A more detailed view of the adsorption part of the
NO, storage function can be seen in Fig. 4. However, the
represented figure still shows a simplified version of the
real model, due to the high complexity and the degree of
cross-linking of the actual model. At the start of each driv-
ing cycle, the catalyst NO, and NH; storage state and the
adsorbed water on the catalyst at the end of the last driving
cycle is initialised. Additionally, the modelled catalyst tem-
perature is set in compliance with the calculated cool down
rate. The adsorption phase is only active if the boundary
conditions are true for the initialization block, otherwise the
system switches directly to the desorption block.

The adsorption block consists of three subfunction
blocks. The NO, storage efficiency calculates the amount of
NO, slip during the adsorption phase.

The calculated NO, storage efficiency (uyg g,,) 1s cali-
brated depending on the exhaust-gas mass flow, the stored
amount of NO, and the catalyst temperature, the storage

efficiency is estimated in each driving situation. A high tem-
perature and a greater exhaust mass flow enhances the ten-
dency towards NO, slip. The NO, not stored on the catalyst
is forwarded to the downstream NO, signal. A higher tem-
perature reduces the threshold value for the exhaust mass
flow towards occurring NO, slip. Both parameters are input
signals for a characteristic map to determine the NO, storage
efficiency. Additionally, the stored NO, and the catalyst tem-
perature are processed in a characteristic map to calculate
the NO, saturation level of the catalyst in a next step, with a
higher saturation level causing the NO, storage efficiency to
decrease. The saturation level is defined as the ratio between
the maximal storable amount of NO, on the catalyst and the
current amount of adsorbed NO,. The maximal storable
amount of NO, on the catalyst is determined in a character-
istic map with the temperature and the state of health of the
catalyst actin as input parameters. The resulting NO, storage
efficiency factor is then multiplied with the upstream NO,
mass flow (NO ) of the catalyst. The formulas (7) show

X Upstream

the calculation of the NO, mass flow downstream of the
catalyst in the adsorption block.

NO,flowtowardsthecatalyst = piyo g0, ¢ NOXU,”W”” (7

DownstreamNO signal = (1 — #Noxswr) *NO

X

Upstream (8)

The second subsystem block calculates the NO, stored
by integrating the NO, signal which is corrected by the NO,
storage efficiency. The currently stored NO, is returned to
the NO, storage efficiency block and the NO, storage status
block. The status of the NO, storage capacity represents the
third subsystem block, therein a survey at the vehicle start
occurs and a continuous query is executed to determine if
the adsorption phase is still active. There are two evaluation
paths, on the one hand there is a temperature limit and on
the other hand there is a maximum NO, storage capacity.
Depending on the driving cycle either one of those paths
specifies the end of the adsorption phase. The NO, storage
behaviour is strongly depending on the catalyst temperature.
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Fig.4 Simplified overview of the adsorption block

Since an increase in temperature caused by the water adsorp-
tion leads to the desorption of the stored NO,, a catalyst tem-
perature limit is calculated to define the end of the adsorp-
tion phase. The amount of adsorbed water on the catalyst
influences the limit temperature. With a higher amount of
adsorbed water on the catalyst the exothermic behaviour dur-
ing the water adsorption is reduced. The other limit value is
the maximum amount of storable NO, on the catalyst. The
storage capacity depends on the temperature, stored NH; on
the catalyst, ageing condition and the amount of adsorbed
water on the catalyst. With increasing temperature, NH; fill-
ing level, and amount of adsorbed water, the storage capacity
is reduced. Furthermore, with the progressing ageing of the
catalyst the storage capacity also decreases. The influence
parameters allow the adsorption block to predict the occur-
ring NO, slip and the duration of NO, adsorption cycle for
varying driving cycles.

The general procedure of the desorption block with the
sub-function blocks can be seen in Fig. 5. The desorption
block is located downstream of the adsorption block and is
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activated as soon as the adsorption block status NO, stor-
age switches over. As in the adsorption block, the values
at the end of the last driving cycle are used to initialise the
NO, storage level and catalyst temperature in this block. The
catalyst temperature takes the cool down rate between the
driving cycles into account. A relevant case for the initialisa-
tion phase is when the previous driving cycle ends during
the desorption phase. The desorption block uses the NO,
storage level calculated in the adsorption block, the catalyst
temperature and the exhaust-gas mass flow as input param-
eters to define the desorption behaviour of the NO, storage
effect. After the adsorption phase ends, the NO, storage level
together with the catalyst temperature are used to estimate
the amount of stored NO, that can be converted. For the cal-
culation of the converted amount of NO, the temperature of
the catalyst for different positions along the flow direction is
determined. A higher average catalyst temperature leads to a
higher conversion rate of the stored amount of NO,. Further-
more the presence of stored NH; enables the NO, conver-
sion during the desorption phase. A higher amount of stored
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NO, emissions leads to a higher NO, conversion rate, this
is based on a series of vehicle measurements. The quantity
of stored NO, at the end of the adsorption phase correlates
with the dynamic driving behaviour and the water input on
the catalyst during the cold start phase. Therefore the NO,
storage level and the average catalyst temperature are used to
define the NO, conversion rate in a characteristic map. The
NO, conversion rate is then multiplied with the NO, stor-
age level to calculate the amount of converted NO, for the
desorption phase. The calculation process for determining
the amount of converted NO, and desorbed NO, amount are
similar to the formulas (7). The calculated NO, desorption
mass flow depends on the NO, storage level in the catalyst,
the catalyst temperature and the relative NO, desorption
amount. The exhaust mass flow adapts the NO, desorption
mass flow in case of a standstill time of the engine or during
very high exhaust mass flows.

The catalyst temperature and the relative NO, desorp-
tion amount define in a characteristic map for each timestep
the current NO, desorption mass flow. The calculated NO,
desorption mass flow reduces the increases NO, desorption

amount, which acts as a recursively input parameter for the
NO, desorption mass flow calculation. The modelled NO,
desorption flow allows to depict the real desorption process
by adding the estimated NO, desorption flow to the upstream
NO, signal. Leading to an increase of the NO, emissions
after the catalyst during the desorption phase. The relative
NO, desorption amount is formed by the ratio between the
estimated desorption quantity and the cumulated estimated
NO, desorption flow. Furthermore, the calculated ratio
defines the status of the desorption phase, as the accumu-
lated desorbed NO, amount reaches the estimated maximum
NO, desorption quantity, the desorption phase ends.

The previously mentioned influence parameters of the
model can assess the actual behaviour of the NO, emissions
during vehicle cold starts, caused by the NO, storage effect.
This leads to an improved signal quality for other SCR
models in the ECU in a broad RDE area. To meet future
stringent emission regulations vehicles may have to degrade
the engine power during the cold start, therefore a better
modelling of the cold start emissions allows an improved
behaviour for the customer.
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2.3 Model Validation

For the model validation process a variety of vehicle meas-
urements were carried out, from which only the most signifi-
cant ones can be discussed here. Among others, a variation
of the vehicle conditions and the environmental conditions
were conducted. Different preconditioning driving cycles
were used, with different environmental temperatures, driv-
ing distance, average vehicle speed and dynamic behaviour.
During the actual test cycle the parameters mentioned before
were also varied. One result of this test variation was that
the amount of adsorbed water on the catalyst was identified
to have a significant influence on the NO, storage behaviour.
This behaviour is in accordance with previous research work
on the synthetic gas test bench. For the validation of the SCR
NO, storage function, roller test bench and RDE measure-
ments have been carried out.

2.4 Roller Test Bench Measurement

To evaluate the performance of the NO, storage model two
different preconditioning cycles and two diverse driving
cycles were used. The characteristic values of each cycle is
displayed in the Table 1 and the corresponding test matrix
can be seen in Table 2. The dynamic factor is the averaged
modulus of the product between the acceleration and vehi-
cle speed. For the preconditioning cycles the dynamic fac-
tor has been determined for the entire test cycle, whereas
the dynamic factor of the test cycle has been calculated for
the first 300 s. The formula (9) was used to calculate the
dynamic factor with the vehicle velocity and the acceleration
as input parameters. The defined city cycles were derived
from real-world driven routes, those depict the upper and
lower dynamic spectrum of typical driving scenarios dur-
ing rush hour and a city ride. Due to the major influence
of the adsorbed water on the catalyst, two different precon-
ditioning cycles were chosen. The difference of these two
preconditioning cycles is the catalyst temperature for each
SCR system, leading to a varying amount of adsorbed water
on the catalyst. The low dynamic cycle aims for low catalyst
temperatures to adsorb as much water as possible on the
catalyst. For the high dynamic cycle a high temperature in

Table 1 Characteristic values of each cycle for preconditioning and
testing on the roller test bench

@-Vehicle speed Dynamic factor
Low dynamic cycle 18.1 km/h 5.1
High dynamic cycle 101.0 km/h 17.4
Low dynamic city cycle 10.9 km/h 6.4
High dynamic city cycle 32.6 km/h 16.0

@ Springer

Table 2 Testing matrix for the roller test bench measurements

Test Preconditioning Driving cycle

1 High dynamic cycle Low dynamic city cycle
2 Low dynamic cycle Low dynamic city cycle
3 High dynamic cycle High dynamic city cycle
4 Low dynamic cycle High dynamic city cycle

the exhaust aftertreatment system has been achieved to guar-
antee a very low amount of water adsorbed on the catalysts.

t
. 1
Dynamicfactor = " ; |v(,) * A (10

Furthermore, the dynamic driving behaviour has an
influence on a variety of factors in the NO, storage behav-
iour. The affected parts are the NO, storage efficiency, NO,
storage amount and NO, desorption amount. Therefore,
two driving cycle variants were tested, with regard to the
dynamic performance.

The high dynamic preconditioning cycle guarantees a
minimum of adsorbed water on the catalyst to evaluate the
model performance under dry conditions with high repeat-
ability. The main difference between the preconditioning
cycles are the average catalyst temperatures for both catalyst
systems. For the preconditioning cycles the difference in
average catalyst temperature is 117 K for the close-coupled
SCR and 156 K for the underfloor SCR. The low dynamic
driving cycle feeds a large quantity of water into the exhaust
aftertreatment system at low operating temperatures, causing
a high amount of preloaded water on the catalyst. The testing
procedure, with the preconditioning cycle, the cool down
phase, and the driving cycle can be seen Fig. 6.

Testing procedure

=N
g

[ e
g

[ e ]

Fig.6 Testing procedure for roller test bench measurements
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The tested vehicle has been equipped with additional
temperature sensors and exhaust gas sample ports as can be
seen in Fig. 2. During the chassis dynamometer tests further
exhaust gas analysers were installed. This allows to check
the signal quality of the added sensors in the test vehicle and
guarantees a precise model evaluation.

The first test with a high dynamic cycle as a precondi-
tion and a low dynamic test cycle can be seen in Fig. 7. The
typical behaviour of the NO, storage effect can be seen with
the absence of the NO, emissions after each catalyst system
until the water adsorbs on the catalyst causing the sudden
rise in temperature. This behaviour is consistent to what can
be found in the literature [2, 40, 42, 45]. To enhance read-
ability the model variables (dotted lines) have only been
added to the cumulated NO, emissions. Due to the ongo-
ing development process the cumulated NO, emissions and
the NO, concentrations have been normalized. The cursor 1
and cursor 2 mark the end of the desorption phases and the
NO, storage phases for the close-coupled (1) and underfloor
SCR system (2). As can be seen for both catalyst systems,
no NO, slip occurs during the adsorption phase, which is
valid for the measured and the modelled NO, signal. The
dry condition and the low dynamic properties during the

Fig.7 Test 1 with high dynamic
preconditioning and low

city cycle drastically reduce the tendency towards NO, slip
during the adsorption phase, which coincides with previ-
ous research works. Furthermore, both criteria allow a very
long adsorption phase for both SCR catalyst systems. In
general the timing of the start of the desorption phase of
the model matches the reality very well and is consistent
with the rise in temperature. However, for the close-coupled
SCR system the timing shows a slight tendency towards a
too early start of the desorption phase. Additionally, the cal-
culated NO, reduction is slightly lower, leading to a higher
amount of desorbed NO, emissions. The modelled desorp-
tion mass flow matches the measured one, because of the
similar slopes in cumulated NO, emissions of both curves.
Up to now during the cold start the model approach did
not consider the NO, storage effect. This caused that the
modelled NO, signals after the close-coupled and underfloor
SCR systems were similar to the modelled NO, engine out
signal. Therefore, the newly developed NO, storage model
brings an improvement in picturing the real behaviour dur-
ing vehicle cold starts. Beyond that in this driving cycle a
high NO, reduction has occurred during the cold start, which
can be seen at the position of cursor 2. The overall reduction
amount can be seen as the difference between the cumulated
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engine out NO, emissions and the cumulated NO, signal
after the underfloor SCR system.

For the second test the same low dynamic driving cycle
was investigated, however a low dynamic preconditioning
cycle was used. This allows the comparison of two differ-
ent preconditioned states for the same low dynamic city
cycle. The higher preloading of water on the catalyst causes
a reduced exothermic behaviour leading to a lower rise in
temperature during the water adsorption. The lower tempera-
ture at the desorption begin results in a lower NO, reduction
potential. This theory can be seen in Fig. 8, for both cursor
positions of the catalyst systems. Furthermore, the higher
water preloading reduces the maximum amount of storable
NO,, combined with the lower rise in temperature causing
an earlier end of the adsorption phase during the cold start.
That kind of behaviour can be seen by comparing Test 1 and
Test 2, the overall NO, reduction is drastically reduced due
to the higher water preloading. The higher water preload-
ing significantly reduces the rise in temperature during the
water adsorption. This is predominantly the case for under-
floor SCR systems. A possible reason for this is that the
underfloor SCR system has a greater zeolite volume. Moreo-
ver, the higher water preloading first effects the upstream

Fig.8 Test 2 with low dynamic
preconditioning and low

components of the exhaust aftertreatment system. For the
close-coupled SCR system the start of the desorption phase
as well as the desorption NO, flow of the model does not fit
the measurement signal precisely. The calculated amount
of NO, desorption is slightly higher than in reality as can
be seen at cursor 1. This cannot be applied to the underfloor
model, where the desorption starts slightly delayed in model
compared to the measurement and the NO, desorption flow
also does not match the measurement curves. However, at
the second cursor the cumulated amounts of NO, after the
underfloor SCR system are nearly the same, which means
that the cumulated amount of desorbed NO, is calculated
correctly. These discrepancies of the model compared to
the real behaviour can be further reduced by the ongoing
development process of parametrising the model. Overall
the NO, storage model increases the NO, model accuracy
during cold start.

The test in the high dynamic city cycle and the high
dynamic preconditioning is displayed in Fig. 9. The high
dynamic cycle distinguishes from the low dynamic cycle by
higher operating vehicle speed and less as well as shorter
vehicle stops. The higher dynamics causes NO, slip during
the adsorption phase of the close-coupled SCR system, as
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the temperature increases. The occurring NO, slip during
the first acceleration leads to a small peak in the NO, con-
centration downstream of the close-coupled SCR system.
For the underfloor SCR system, the same behaviour can be
observed, the NO slip arises during the second acceleration
block at about 65 s. Both NO, slip events can be represented
by the NO, storage model. Also, during the high dynamic
city driving cycle a more pronounced desorption peak than
in lower dynamic driving cycles occurs. In general, a pro-
portionally lower NO, reduction caused by the NO, storage
effect can be observed in Test 3. For the higher dynamic
driving behaviour, a greater quantity of diesel fuel is needed,
which leads to a greater amount of water in the exhaust gas.
This causes an earlier and more pronounced rise in tempera-
ture. The start of the desorption phase as well as the calcu-
lated amount of NO, desorbed matches the measurements
very well. The NO, desorption mass flow shows a slight
difference in the descending flank of the desorption peak,
however for both systems the modelled values are lower in
comparison to the measured ones. Overall the NO, storage
process matches quite well for these boundary conditions.
For the fourth test cycle, the NO, storage behav-
iour is similar to the second test cycle due to the same

preconditioning cycle. The low dynamic precondition-
ing causes a less distinctive NO, desorption peak for the
underfloor SCR system, which can be seen in Fig. 10. The
desorption peak of the downstream SCR system is wider
and decreased in height. Furthermore, the rise in tempera-
ture due to the water adsorption is also more blurred and
decreased for both catalyst systems, this behaviour is more
pronounced in the underfloor SCR system. A possible rea-
son for this can be differences in the relative water satura-
tion, catalyst volume, and/or amount of washcoat. This
reduced exothermic behaviour diminishes the NO, conver-
sion rate immensely, similar to the second test cycle. Addi-
tionally, the occurring NO, slip during the NO, adsorption
phase is similar to the drier preconditioned test cycle. It
stands out that the cumulated modelled engine out NO,
emissions have an offset after the first acceleration. It is
noteworthy that the shown modelled values are derived
from an early state of an ongoing development process,
therefore slight discrepancies can occur for some input
signals. Due to the offset of the cumulated modelled NO,
emissions, the cumulated NO, values for both catalyst sys-
tems also exhibit an offset to the measured curves. Despite
that, the model accuracy of the NO, signal during the cold
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Fig. 10 Test 4 with low
dynamic preconditioning and
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start still reveals an improvement, compared to the previ-
ous system behaviour.

Additionally, further roller test bench measurements in
the two preconditioned states were performed. All these
measurements showed an improvement of the model accu-
racy during the cold start. The benchmarking of the NO,
storage model was performed on a variety of model derivates
and diesel engine types. Overall, the performed roller test
bench measurements highlighted the performance and model
accuracy of the NO, storage model.

2.5 RDE Measurement

For further validation of the NO, storage model, RDE driv-
ing cycles were performed. The result of one RDE measure-
ment can be seen in Fig. 11. The tested vehicle was equipped
with a portable emission measurement system (PEMS) simi-
lar to the measurement technology of the roller test bench
vehicles, thus enabling an evaluation of the model perfor-
mance quality. The shown section of the RDE driving cycle
consists of a short stationary phase (35 s), followed by a
brief city phase (60 s) and ends with an extra urban high-
way phase (105 s). The distinctive temperature curves are

@ Springer
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similar to the roller test bench measurements with the high
dynamic preconditioning cycle. The start of the desorption
phase of the close-coupled SCR system is slightly earlier in
the model, however the desorption mass flow and the NO,
conversion rate at the first cursor point matches very well
with the measurements. At the second cursor point the over-
all NO, reduction is consistent with the measured cumu-
lated NO, emissions. The occurring NO, slip at 100 s is not
depicted by the NO, storage model, further improvement
of the characteristic diagrams is therefore necessary. Fur-
thermore, the timing of the desorption from the underfloor
catalyst is a little bit late. The more severe deviation is that
the modelled NO, desorption mass flow differentiates from
the measured one. Altogether the NO, storage model cor-
responds well with the real system behaviour, despite some
minor deviations.

In order to get a comprehensive overview of the per-
formed validation test cycles under different boundary con-
ditions, an evaluation matrix has been established (Table 3).
Overall the NO, storage model increases the accuracy of the
modelled NO, flow during cold start for both catalyst sys-
tems. For all different driving cycles and preconditionings,
an improvement in model quality has been achieved.
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[@ slight deviation.

O potential for improvement.

In general, there is a certain fluctuation margin which
causes a potential difference between the modelled and the
measured signals. Possible influence parameters are the lim-
ited measurement accuracy, variations in the engine compo-
nents and the exhaust aftertreatment systems.

3 Summary and Conclusion

The aim of this paper was to model the NO, storage behav-
iour during vehicle cold start for the close-coupled SCR sys-
tem and the underfloor SCR system. Besides, the validation
process of the model performance with the different influ-
ence parameters was outlined. These investigations pointed
out that the newly implemented model of the NO, storage
behaviour significantly increased the quality of the modelled
NO, mass flow during vehicle cold start conditions.

The implemented model includes the findings of previ-
ous research work, to generate a best possible NO, emis-
sions modelling over the SCR catalyst systems during cold

start situations. These findings include the exhaust-gas mass
flow, NH; mass stored in the catalyst, the NO, mass flow,
the adsorbed amount of water on the catalyst, as well as
the catalyst temperature as an input variable. The developed
model increases the model accuracy of the SCR model in the
ECU by calculating the NO, concentrations and mass flows,
as well as the corrected NH; mass on the catalyst in consid-
eration of the NO, storage behaviour. The model includes
the adsorption of NO, on the catalyst as well as the tem-
perature driven desorption caused by water adsorption on
the catalyst. The potential NO, reduction is also taken into
account by the newly developed model. The newly devel-
oped empirical model takes different boundary conditions
such as influence factors from different driving styles, driv-
ing routes, ambient conditions and so on into account. This
results in a prediction of the potential NO, storage and NO,
reduction behaviour. Furthermore, relevant preconditioning
cycles have been defined to evaluate the quality and limits of
the NO, storage model on a roller test bench. These different
preconditioning cycles allow to evaluate the influence of
different amounts of water adsorbed on the exhaust after-
treatment system. However, the model is able to generate
an improvement in the signal quality for all tests that were
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Mixed

RDE

Low dynamic cycle

High dynamic cycle

Low dynamic cycle

High dynamic cycle

Table 3 Evaluation matrix of the performed validation test cycles
Preconditioning
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Desorption mass flow

system

Converted NO, at Cur-

sor 1

Underfloor SCR system Begin of the desorption

Desorption mass flow

Converted NO, at Cur-

sor 2

carried out. The resulting model has been successfully tested
via RDE measurements and roller test bench measurements.
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