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a b s t r a c t

Dynamic simulation of the smart catalytic converter, proposed by Daimler AG, is presented. The smart
catalytic converter combines NOx storage, on-board ammonia production and selective catalytic reduc-
tion (SCR) and functions in a dual-mode operation, alternating between lean burn and rich burn. It relies
on intrinsic dynamic operation and synchronization of all units and its development demands a reliable
eywords:
atalytic converter
imulation
Ox storage
mmonia production
elective catalytic reduction

dynamic simulator. A platform capable of simulating the dynamic behavior of multiple-unit aftertreat-
ment system was developed based on COMSOL package. Predictive kinetic models were developed for
NOx storage unit that includes ammonia formation function and for NH3-SCR unit. Using these kinetic
models, two-unit smart catalytic converter was simulated on the developed simulator. The results of the
simulator were validated using two-unit experimental data. The simulator was also employed to control
and optimize the performance of smart catalytic converter. It was shown that the simulator is vital for

rich p
optimization of lean and

. Introduction

Development of lean burn engines running with excess air is
imed at reducing fuel consumption and greenhouse gas emissions
1]. However, lean engines increase significantly NOx emission
hus creating a major environmental and health problem [2,3].
raditional aftertreatment systems based on the three-way cata-
yst (TWC) display poor performance under oxygen excess [4,5].
his led to develop novel technologies of NOx removal for a lean
urn engines, including catalytic NOx decomposition [6], NOx stor-
ge reduction (NSR) [7,8] and selective catalytic reduction (SCR)
y ammonia [9,10] or hydrocarbons [6]. Over the last decade,
he worldwide emission legislation has become increasingly strin-
ent [11]. Therefore, the exhaust aftertreatment systems need to
e modified to comply with new emission regulation. Combined
ftertreatment systems, consisting of different catalysts are being

eveloped. The BlueTec system, developed by Daimler AG, con-
ists of diesel oxidation catalyst (DOC), diesel particulate filter
DPF), NSR and SCR catalysts [12]. Researchers at Ford also pro-
osed combined aftertreatment system consisting of DOC, NH3-SCR

∗ Corresponding author. Tel.: +972 8 6472421; fax: +972 8 6477745.
E-mail address: herskow@bgu.ac.il (M. Herskowitz).
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eriods in order to ensure stable lean–rich cycles.
© 2009 Elsevier B.V. All rights reserved.

and a catalyzed DPF [13]. The DOC unit is applied to oxidize the
unburned hydrocarbons (HCs), CO and NO and raise the exhaust
temperature for active regeneration of DPF, while the latter was
used for controlling the particulate matter (PM). The SCR unit is
employed to reduce the NOx by NH3 supplied from an externally
source. Combining the NH3 production and NH3-SCR units were
proposed by Qgunwumi et al. [14] to eliminate the need for an
ammonia source. Ammonia is produced by the reaction between
NOx from the exhaust gas and injected reductant agent. Combined
aftertreatment system consisting of HCs trap and TWC was pro-
posed for cold start [5]. Other combined aftertreatment systems
have been proposed as NOx storage with TWC [15], DOC with NH3-
SCR [12,16].

The smart catalytic converter system was first proposed in 2002
by Guenther et al. [17]. This system combines two technologies for
NOx removal in lean burn engines: NOx storage and NH3-SCR with
on-board NH3 production. The system functions in a dual-mode
operation, alternating between lean and rich modes. During the
lean mode, NOx is partially stored in the NOx storage unit, while the
rest continues to the NH3-SCR unit where it reacts with adsorbed

NH3 to form N2. During the rich operation, NOx is desorbed from the
NOx storage unit and reacts with hydrogen and/or other reductants
in the ammonia production unit to form ammonia, subsequently
adsorbed in the NH3-SCR unit. This enables a cycled operation.
The smart catalytic converter eliminates the need for an external

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:herskow@bgu.ac.il
dx.doi.org/10.1016/j.cej.2009.08.015
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Nomenclature

av gas solid interfacial area per unit reactor volume
(m2

solid m−3
reactor)

cpg gas phase heat capacity (J kg−1
gas K−1)

cps solid phase heat capacity (J kg−1
solid K−1)

Ct overall molar concentration of gas phase
(kmoltotal m−3

gas)
(−�H)i heat of reaction i (J kmol−1)
ki reaction rate constant (kmol kg−1

cat s−1)
kh heat transfer coefficient (J m−2

solid K−1 s−1)
km mass transfer coefficient (kmol m−2

solid atm−1 s−1)
Kj adsorption constant of component j
L monolith length (m)
Mm mean molecular mass of gas phase (kggas kmol−1

gas)
Pt overall gas pressure (atm)
ri rate of reaction i (kmol kg−1

cat s−1)
t time (s)
Tg gas phase temperature (K)
Ts solid phase temperature (K)
us superficial gas velocity (m3

gas m−2
reactor s−1)

yg component mole fractionate bulk gas phase
(kmolj kmol−1

total)
ys component mole fractionate gas phase near solid

surface (kmolj kmol−1
total)

z reactor axial coordinate (m)

Greek letters
˝ catalyst adsorption capacity for NO or NH3

(kmolj kg−1
cat)

˛ji stoichiometric coefficient of component j in the ith
reaction

εb monolith void fraction (m3
gas m−3

reactor)
�j jth component surface coverage fraction
�s solid thermal conductivity (J m−1

solid K−1
reactor S−1)

�b catalyst bulk density (kgcat m−3
reactor)

�g gas density (kggas m−3
gas)

�s solid bulk density (kgsolid m−3
reactor)

Subscripts
ads adsorption
cat catalyst
g gas phase
i reaction number

r
u
s

e
c
a
t
c
a
o
a
n
t
p

j component index
s solid phase

eductant, such as urea or ammonia. Furthermore, the NOx storage
nit volume in this configuration is smaller than conventional NOx
torage units, reducing cost of precious metal.

Recently, the concept of the smart catalytic converter was
xperimentally tested over double-bed reactor: NSR (Pt-Ba/Al2O3
atalyst) and SCR (Fe-ZSM5) [18]. Ammonia released from NSR cat-
lyst during rich mode can be stored on the SCR catalyst, while in
he lean mode the stored ammonia can react with NOx. The SCR
atalyst bed placed downstream of the NSR reduces the NH3 slip
nd increases the NOx removal efficiency [18]. This system relies

n intrinsic dynamic operation and synchronization of all units. In
ddition, it renders the units integration and precise scheduling
ecessary to achieve the desired performance. Thus, it is necessary
o develop dynamic models that simulate the system performance
roviding the tools for dynamic control.
ing Journal 155 (2009) 419–426

Mathematical modeling of catalytic converter systems was
applied in the design, control and optimization of aftertreatment
systems. Over the past three decades, numerous mathemati-
cal models of catalytic converters were developed at different
complexity levels for a range of applications [12,19,20]. The
kinetic models were derived from both fundamental [21–24] and
semi-empirical studies [25–28]. Fundamental models require the
evaluation of a large number of kinetic parameters from detailed
kinetic data over a wide range of conditions and configurations.
Furthermore, they are specific for well-defined catalytic systems.
This is very difficult to accomplish. Therefore, most kinetic models
for the catalytic converter are semi-empirical.

The reactor model combines transport and kinetic models of
the catalytic converter, expressed in mass and heat differential
balances for the gas and solid phases. The pressure drop is nor-
mally negligible [12,20]. Simplifying assumptions are normally
made without compromising the reliability of the reactor model.
Axial diffusion in mass and heat transfer of the gas phase is
neglected [12,29,30]. Radiation is negligible at the temperature
range of interest [20,30,31]. Plug flow and ideal gas behavior
are acceptable, while all channels are assumed to be identical
[12,26,30]. In addition, any effects of pore diffusion through the
washcoat are lumped in the kinetic parameters [20]. Most mod-
els are one-dimensional [19,20,26,29,30,32–36] rather than more
complex models [35,37–40] which normally present little advan-
tage. A quasi-steady state is normally assumed, neglecting the
accumulation term in the gas phase [20,30,38]. This is not valid
for the smart catalytic converter that operates in a dynamic mode
[20].

Most of the dynamic and pseudo-steady state simulations
that have been published in the literature, deal with single-unit
catalytic converters [19,20,22–24,26–30,32–36]. Lately, several
simulation programs have been developed for combined systems
[12,13,16,41]. A software environment called ExACT has been
developed by Daimler AG [12]. The software is based on Mat-
lab/Simulink and includes models for different types of catalysts
and particulates filter, such as, TWC, NSR, SCR and coated DPF
[12,41]. Simulations of combined aftertreatment system based on
DOC and urea-SCR unit have also been undertaken by Wurzen-
berger and Wanker [16]. 1D model with global kinetic reaction was
employed to simulate this system. Other simulation programs for
aftertreatment systems are GT-POWER and AMESim [12]. These
programs include models for engine components as well as tem-
plates for TWC, NSR and SCR.

The model presented in this communication was developed
within the framework of AHEDAT (Advanced Heavy Duty Engine
Aftertreatment Technology) project [42]. The main scope was to
develop a platform aimed at simulating the dynamic behavior
of multiple-unit aftertreatment systems. Predictive kinetic mod-
els were developed for NOx storage unit that included ammonia
formation and for NH3-SCR. A two-unit catalytic converter (NOx
storage with ammonia formation and NH3-SCR) was simulated
based on a COMSOL package. The results were compared with
data from a two-unit experimental unit. The simulator was also
employed to control and optimize the performance of the smart
catalytic converter.

2. Experimental

2.1. Catalytic tests
Investigations of the NOx storage and NH3-SCR (separately and
of the combined system) were carried out using a test rig spe-
cially designed for testing monolith catalyst samples. The test
rig included two individual gas lines enabling the step change
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Table 1
The inlet gas composition of catalytic tests.

Exp. Inlet mole fraction (vol%)
(balanced with 8% H2O and N2)

Lean mode Rich mode

NO O2 C3H6 CO2 NO O2 H2 C3H6 CO NH3 CO2

EC1
0.05 8 0 8

0.05 1.6 1.4 0.3 4.2
0

11.5
EC2 0 1.2 1.5 0.4 4.6 11.3
EC3 0.05 1.6 1.4 0.3 4.2 11.5
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0.05 5 0.005 8 0
EC5
EC6
EC7

etween lean and rich gas mixtures with high accuracy. The syn-
hetic exhaust gas mixtures were dosed by a synthetic gas supply
ith mass flow controllers. This test rig simulated lean/rich cycles
ith different phase durations. The gas composition was analyzed

y IR, flame ionization and chemiluminescence and mass spectrom-
ter for NH3.

A NOx storage catalyst in a monolith form (diameter = 17 mm,
ength = 55 mm) was tested at isothermal conditions. Several exper-
ments at over a range of conditions (GHSV, temperature and gas
omposition) were performed (Tables 1 and 2). Two kinds of tests
ere done: NO adsorption during the lean period and NO desorp-

ion with ammonia formation during the rich period. First, a lean
ixture (Tables 1 and 2) was fed through a bypass for 100 s. Then it
as directed through the catalyst in the adsorption (loading) stage.

he exhaust gas was switched to a rich mixture (Tables 1 and 2,
C1–EC3) and fed through the catalyst (the desorption stage).
efore each experiment, the catalyst samples were pretreated at
00 ◦C under lean–rich cycle.

A monolith NH3-SCR catalyst (19 mm diameter, 25 mm length)
as tested at 212, 268, 296 and 354 ◦C and GHSV of 50,000 h−1.

wo kinds of tests were performed: NH3 adsorption during the rich
eriod and NO reduction during the lean period. A rich mixture
EC4–EC7, Tables 1 and 2) was fed through a bypass for 100 s, then
hrough the catalyst in the ammonia adsorption (loading) stage.
fter 2 min in the bypass, the exhaust gas was switched to a lean
ixture (EC4–EC7, Tables 1 and 2) and fed through the catalyst for

00 s (the NO reduction stage). At each temperature, five exper-
ments were done at different NH3 loading periods (10, 20, 60,
00 and 400 s). Before each experiment, SCR unit was exposed to
O/NO2 gas mixture to consume the remaining ammonia.

The NO conversion was calculated as the difference between
he total number of moles of NO at the inlet and the outlet of a
articular unit divided by the total number of moles at the inlet. The
otal number of moles was calculated by integrating the molar flow
ate of NO over the time of the lean mode or lean–rich cycle. The

mmonia yield is the ratio between NH3 that was formed during
ich mode to the NO that was adsorbed during lean mode in the
Ox storage unit. The ammonia slip was calculated dividing the

otal mole fraction of ammonia at the outlet to that at the inlet of
CR unit.

able 2
he experimental conditions of catalytic tests.

Exp. GHSV (h−1) Temperature
(◦C)

Lean period (s) Rich period (s)

EC1 37,500 240 165 7
EC2 48,750 300 233 10
EC3 60,000 375 165 7

EC4

50,000

212

300 10, 20, 60, 200, 400
EC5 268
EC6 296
EC7 354
0.7 1 0.28 3 0.075 11

2.2. Catalytic converter model

A transient, one-dimensional, heterogeneous model of mono-
lith channels was employed to simulate the performance of the
aftertreatment system [33]. It assumes: adiabatic conditions, ideal
gas phase, constant pressure and no homogenous reactions. Any
mass transfer effects in the washcoat are lumped in the kinetic
parameters. Correlations for external heat and mass transfer coef-
ficients, available in the literature [43,44], were implemented in
all units. Mass balances in the gas included accumulation, convec-
tion and external mass transfer. Mass balances in the solid included
accumulation, external mass transfer and catalytic reactions. Heat
balance in the gas included accumulation, convection and gas–solid
heat transfer. Heat balance of the solid included accumulation, axial
heat conduction, gas–solid heat transfer and heat generated by the
reactions. Mass balances for the active sites included accumulation
and catalytic reactions.

Mass balances:

gas phase :
εb�g

Mm

∂ygj

∂t
= −us�g

Mm

∂ygj

∂z
− kmavPt(ygj

− ysj
) (1)

solid phase : εbCt
∂ysj

∂t
= kmavPt(ygj

− ysj
) + �b

n∑

i=1

(˛jiri) (2)

Heat balances:

gas phase :
�g

Mm
cpgεb

∂Tg

∂t
= −us

�g

Mm
cpg

∂Tg

∂z
+ khav(Ts − Tg) (3)

solid phase : �scps
∂Ts

∂t
= (1 − εb)�s

∂2Ts

∂z2
− khav(Ts − Tg)

+ �b

n∑

i=1

((−�H)iri) (4)

Active sites balance

˝
d�j

dt
=

n∑

i=1

(˛jiri) (5)

The initial and boundary conditions at the inlet and outlet were
expressed as:

t = 0
yg,j(z) = ys(z) = yj0
Tg(z) = Ts(z) = T0(exhaust gas temperature)

�(Z) = �0

z = 0

yg,j

∣∣
at the first unit

= yj0

yg,j

∣∣
at the following unit

= yg,j

∣∣
z=L, at the previous unit

Tg

∣∣
at the first unit

= T0 (exhaust gas temperature)

Tg

∣∣
at the following unit

= Tg

∣∣
z=L, at the previous unit

z = L ∂Ts/∂z = 0
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The initial and inlet temperature and composition in the gas and
olid phases are assumed to be the temperature and composition
f the exhaust feed gas, respectively. The gas phase temperature
nd the composition at the inlet of each unit (but not the first unit)
re assumed to be that at the outlet of the previous unit.

.3. Modeling and simulation tools

The software package Athena Visual Workbench software
Stewart and Associates Engineering Software, Inc.) was used for
umerical integration of partial differential equations (PDE) as
ell as for parameter estimation of the kinetic model for NH3-

CR and the NOx storage unit. The parameter estimation was done
y employing the method of least squares, whereas the best fit is
pproached by minimizing the sum of the squares of the offsets
residuals) between experimental values and values predicted by
he model.

Commercial software COMSOL 3.2 was used for the simulation
f the catalytic converter performance. The COMSOL simulator was
ested with simple cases for which the solution is known, such as
he case of a steady state model, an isothermal model, zero reac-
ion rates and so on. In all case COMSOL yields similar to those of
ther simulation programs such as ACSL 1.3.2 (Advanced Contin-
ous Simulation Language) and POLYMATH 6.10. In addition, for
he more complicated cases (transient mode), simulation results
rom COMSOL and Athena programs were compared yielding sim-
lar results.

. Results and discussion

.1. Kinetic model for NOx storage with NH3 production and
H3-SCR unit

A simplified kinetic model for NOx storage unit over a com-
ercial catalyst was developed. The kinetic parameters for the NO

dsorption–desorption were estimated from the lean mode and for
mmonia and nitrogen formation from rich mode data. The kinetic
odel for the lean mode (reactions (6) and (7), Table 3) is based on

eversible adsorption and desorption of NO on the active sites [45].
he NOx storage model in the rich mode consists of four reactions:
nhanced NO desorption by hydrogen, formation of ammonia and
itrogen and oxidation of ammonia (reactions (8)–(11), Table 3).
he NO desorption reflects the fast NO desorption from active
ites in the rich mode. Similar phenomenon was observed for
t/HPW after addition of H2 to the rich gas mixture contain-
ng CO and water [46] which enhanced the desorption–reduction
ate of NO. It was assumed that during each lean–rich cycle,

O adsorbed in the lean mode desorbs completely in the rich
ode so the concentration of formed N2 was calculated from the
-atom balance: NOadsorbed = NOdesorbed + NH3,formed + 0.5N2,formed.
he kinetic rate expressions for ammonia and nitrogen formation
ere derived based on information for NO–H2 reactions on noble

able 3
inetic model of the NOx storage unit.

Reaction Expression

site + 2NO
r1−→(NO)2,ads (6) r1 = k1Pt(1 − �NO)(yNO)

(NO)2,ads
r2−→site + 2NO (7) r2 = k2�NO

(NO)2,ads + H2
r3−→site + 2NO + H2(8) r3 = k3Pt�NOyH2

NO + 3
2

H2
r4−→NH3 + H2O (9) r4 = k4P2

t
yNOyH2

(1+K4PtyNH3
)2

NO + H2
r5−→ 1

2
N2 + H2O (10) r5 = k5PtyNO

1+K5PtyNO

NH3 + O2
r6−→ 1

2
N2 + H2O (11) r6 = k6PtyNH3
Fig. 1. Data fit by the model for NO adsorption in the NOx storage unit in the lean
mode.

metals [47–49]. Experimental data indicated that ammonia was
formed only between 240 and 300 ◦C. At 375 ◦C the gas mixtures
at the outlet of the storage unit did not contain ammonia, prob-
ably due to complete oxidation to nitrogen [50]. Thus, oxidation
reaction of ammonia to N2 was modeled with simple power law
rate (reaction (11), Table 3). The kinetic parameters for six expres-
sions of the NOx storage unit model in the lean and rich modes
were estimated from kinetic data using the Athena Visual soft-
ware.

The good fit of experimental NO data during the lean mode at
various conditions (EC1–EC3) is illustrated in Fig. 1. Fig. 2A shows
a good agreement between calculated and experimental NO and
NH3 concentrations during the lean and rich modes at EC1 condi-
tion. The model also predicts the ammonia yields and the total NO
conversion for one lean–rich cycle (Fig. 2B). Furthermore, the model
was validated using separate experiments that were not included
in the fitting process (200–550 ◦C, 60,000 h−1, 600 ppm NO in the
feed). The results predicted by the model indicated good agreement
with the experimental data.

The kinetic model for SCR reaction in the NH3-SCR unit over a
commercial catalyst consists of three reactions: NO reduction (reac-
tion (14), Table 4), ammonia adsorption and desorption (reactions
(12) and (13), Table 4). The kinetic model assumed a Temkin-type
kinetic expression for the local rates of ammonia desorption [51].
It takes into account the catalyst surface heterogeneity in agree-
ment with the physico-chemical characterization of the catalysts
[52,53]. Ammonia oxidation was not taken into account since oxi-
dation of ammonia is significant only at high temperature (≥350 ◦C)
[54].

Fig. 3 depicts the outlet mole fraction of NO and NH3 at EC5
conditions. During the lean and rich mode, the data fit is good. The
deviation at the start of rich mode is probably caused by the bypass
used in the experiments. Similarly, good data fit for the outlet mole
fraction of NO and ammonia was achieved for other conditions –
EC4, EC6 and EC7. Fig. 3 also shows the good agreement between
experimental and model results for amount of adsorbed ammo-
nia normalized to the catalyst adsorption capacity (�NH ) during
3
the rich and lean period. Good agreement between calculated and
experimental NO conversion during the lean mode (300 s) after 60 s
in the rich mode was obtained for EC4–EC6 conditions (Fig. 4). The
little deviation between the experimental and calculated NO con-
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ig. 2. (A) Data fit by the kinetic model for NO and ammonia outlet concentration i
nd calculated ammonia yield during the rich mode and overall NO conversion in t

ersion at EC7 is probably due to the oxidation of ammonia. Above
50 ◦C, part some ammonia reacts in side reactions, leaving less
mmonia to react with NO in SCR reaction. It decreased the NOx
onversion above 350 ◦C [54] Thus, the proposed model provides
good description of the NH3-SCR performance under transient
onditions below 350 ◦C.

able 4
inetic model of the NH3-SCR unit.

Reaction Expression

NH3,g
r7−→NH3,ads (12) r7 = k7(1 − �NH3 )yNH3

NH3,ads
r8−→NH3,g (13) r8 = k8�NH3

4NO + 4NH3,ads + O2
r9−→4N2 + 6H2O (14) r9 = k9yNO�NH3

Fig. 3. Data fit by the NH3-SCR model. Condition: EC5.
NOx storage unit during the rich and lean modes. Condition: EC1. (B) Experimental
x storage unit.

3.2. Simulation of the two-unit integrated system (NO storage
and NH3-SCR units)

The kinetic models of the individual units were used for sim-
ulating the two-units integrated system. Transient mass balances
in the gas and solid in the two units (NOx storage and NH3-SCR)
were solved simultaneously. The different size and characteristic
time scale of each unit render the numerical solution complex.

Fig. 5 displays a good agreement of NO in NOx storage and NH3-
SCR units (lean and rich mode at EC1). The model also predicts the
NO conversion and NH3 slip (the ratio between the accumulated
mole fraction of NH3 at the inlet and outlet of SCR unit) (Fig. 6).

Similar results were achieved at EC2. The kinetic models of the
NOx storage and NH3-SCR were developed based solely on the
experiments with the individual units. No additional data fit was
performed.

Fig. 4. Experimental and calculated NO conversion in NH3-SCR at lean mode at
several conditions (EC4–EC7); rich mode, 60 s; lean mode, 300 s.
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ig. 5. Prediction of the outlet NO mole fraction from storage and NH3-SCR units at
C1.

The simulator of the integrated system is very useful for sys-
em optimization and control. The key factor for the aftertreatment
ystem stability and control is the balance between adsorbed and
esorbed NO in the storage unit. In addition, the amount of NH3
eacted during the lean period in SCR unit should be balanced by the
H3 production in storage unit during the rich period. This ensures

table lean–rich cycles. Results from the simulation demonstrated
hat the experimental time periods for rich and lean mode at EC1
ondition may not be optimal for stable system operation at sev-
ral lean–rich cycles. The balance for NH3 is not kept and the value
f �NH3 (the ratio between adsorbed NH3 to catalyst NH3 capacity)
oes not return to the initial value after lean–rich cycle (0.30 instead

f 0.25) (Fig. 7A). This is because the SCR activity at lean mode is
ower than the NO storage reduction activity. As a result, a higher
mount of NO desorbed and reduced to ammonia at rich mode at
he NOx storage unit than the reacted ammonia at lean mode on
he SCR. Thus, the amount of adsorbed ammonia increases after

ig. 7. (A) �NO and �NH3 (the ratio between adsorbed NO and NH3 to catalyst capacity, re
ime (at experimental time and at optimal time). (B) NO conversion and the ratio betwe
ondition.
Fig. 6. Prediction of the two-unit integrated system performance at EC1.

each lean–rich cycle, i.e. �NH3 , does not return to the initial value
and increases with every cycle. The SCR unit becomes saturated
with ammonia increasing the slip. In this case, the two-unit sys-
tem operates under non-optimized conditions that do not provide
stable lean–rich cycles.

The developed simulator of two-unit system provided a viable
solution to double the SCR volume and to halve the NOx storage
volume. It did not change the total two-unit system volume, but
ensured the balance between reacted and adsorbed NH3 (Fig. 7B).
Increasing the NH3-SCR volume increased the NO conversion in the
SCR, thus enhancing the amount of ammonia reacting with NO in

the SCR. This balanced the amount of ammonia that reacted with
NO at the SCR unit during the lean mode with the ammonia formed
during the rich mode in the NOx storage and adsorbed in the SCR,
ensuring stable operation of the two units.

spectively) in NOx storage unit and NH3-SCR unit at EC1 condition, as function of
en reacted NH3 and adsorbed (stored) NH3 for two volume configurations at EC1
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Another solution to achieve a stable lean–rich cycles is to modify
he lean or/and rich period to the optimal values obtained from
he simulator. For EC1, increasing the lean period (345 s instead
f 165 s, Fig. 7A) enhances the amount of ammonia reacted in the
CR unit thus keeping the required ammonia balance. This example
llustrates the simple control approach of this complicated smart
atalytic converter that is based on changing the lean/rich duration
or each operation condition using the developed simulator.

. Conclusions

The development of the smart catalytic converter that relies
n intrinsic dynamic operation and synchronization of several
nits requires detailed modeling and simulations. A simulator that
redicts the dynamic behavior of several connected units in the
ftertreatment system was developed. In addition, kinetic mod-
ls were developed for NOx storage and NH3-SCR unit, separately.
he kinetic model for NOx storage also considers ammonia forma-
ion and oxidation in rich mode. Both kinetic models yielded good
greement with experimental data and were used in the integrated
ystem simulation. The performance of the two-unit integrated sys-
em was simulated on the COMSOL package. The key factor for the
ftertreatment system stability and control is the balance between
tored and reacted NOx and ammonia in the NOx storage and SCR
nits. It was shown that the simulator is useful for optimization of

ean and rich periods in order to ensure stable lean–rich cycles.
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