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h i g h l i g h t s

� A practical, model-based, ammonia
dosing strategy is presented.
� The dosing strategy is optimized and

applied to SCR demonstration
examples.
� Performance comparison of different

catalyst materials (iron and copper).
� Investigating the sensitivity of the

performance towards change in
storage capacity.
� The examples demonstrate the

importance of an individually
adjusted dosing strategy.
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a b s t r a c t

In today’s vehicle applications, SCR ammonia dosing is completed using complex control algorithms that
need to be parameterized for the individual catalyst technology. Owing to the complexity of the param-
eterization procedures, ammonia dosing is frequently completed using either oversimplified dosing strat-
egies (e.g., constant NH3/NOx ratio) or strategies previously optimized for different catalysts during the
early design phase’s simulation and laboratory studies.

This paper presents a practical, model-based approach that allows for simulation and laboratory stud-
ies to be performed with an individually adapted dosing profile. The procedure is based on conventional
feedback control strategies, where the average ammonia storage level is controlled using a temperature
dependent setpoint (the desired storage level), which is interpolated from a look-up table. The approach
of this paper is to optimize numerically the entries of this look-up table for a given test cycle such that the
NOx conversion is maximized while the ammonia slip is kept below a defined level. Although the optimi-
zation is performed for a particular cycle, it is demonstrated that the dosing strategies obtained in this
way also work reasonably well for other test cycles.

The proposed procedure was applied in a catalyst screening simulation study that compared the perfor-
mance of an Fe– and a Cu–zeolite catalyst for a given test cycle. It was demonstrated that each of the two cat-
alysts appeared to have a better performance than the other catalyst when the specified catalyst’s optimized
dosing profile was applied to both catalysts. The best catalyst was only identified when comparing both cat-
alysts using their own respective optimized dosing profile. A second simulation study used the proposed
dosing procedure to compare catalysts with different ammonia storage capacities. Again, the relative rank-
ing of the catalysts’ performance was shown to depend on the dosing profile. Overall it is demonstrated that
the true potential of a catalyst can only be determined when an individually adapted dosing strategy is used.
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1. Introduction

Stringent, government imposed, emission standards have
resulted in continuous advances by the automobile industry to
develop techniques to meet the more demanding driving test
cycles. In the case of reducing NOx emissions in diesel vehicles,
selective catalytic reduction (SCR) is a successful method currently
used [1,2]. In the SCR process, ammonia, the reducing agent, is gen-
erated onboard through the hydrolysis of urea, provided that the
inlet gas temperature to the SCR reactor is hot enough to allow
for the hydrolysis reaction to occur [3]. The SCR catalysts are able
to adsorb or desorb the ammonia, which is beneficial when too
much has been dosed or more is needed [4]; however, the storage
capacity of ammonia in the catalyst decreases strongly with an
increase in temperature [1]. Therefore, a sharp increase in load
can result in a significant amount of ammonia slip. This behaviour
presents the need for an optimized urea dosing strategy, where
NOx conversion is maximized, while maintaining the ammonia slip
below a currently non-regulated acceptable level.

In today’s vehicle applications, ammonia dosing is completed
using complex control algorithms that need to be parameterized
for the individual catalyst technology [5]. Feed-forward control
strategies based on the SCR catalyst surface reactions with some
compensation for ammonia storage are commonly used for open-
loop control [6]. For instance, a Nominal Stoichiometric Ratio
(NSR) map with a limiter for ammonia slip peaks has been investi-
gated as an open-loop or feed-forward control strategy [7]. A feed-
forward controller accounting for the steady state ammonia usage
and storage level compensation using observers, was also examined
[5]. Closed-loop feedback strategies with either an ammonia sensor
[8] or NOx emissions feedback have been developed [7]. A different
approach uses a neural network model for the SCR catalyst and a
multi objective genetic algorithm to optimize an ammonia dosing
strategy [9]. In this context, numerical simulation has become an
important tool for the development of control strategies [10].

Owing to the complexity of the control calibration, an SCR sys-
tem nowadays is generally developed using the following two
steps: First, the individual catalytic converter components of the
exhaust emissions system and the arrangement of the components
in the system are optimized. In this stage, laboratory tests and sim-
ulation studies are performed using either oversimplified SCR dos-
ing strategies (e.g., constant NH3/NOx ratio) or a dosing strategy
from a previous exhaust system. In a second step, the SCR dosing
strategy is optimized for the system layout established in the first
step. The obvious disadvantage of this two-step approach is that
the influence of the control strategy on the system design is
neglected. If, for example, the relative ranking of two SCR catalysts
depends on the dosing strategy, the outcome of a catalyst screen-
ing will depend on the chosen dosing strategy.

The purpose of this paper is to report an investigation on the
importance of applying an optimized SCR dosing strategy in the
early catalytic converter development phase. In this respect, we
present a simulation-based optimization method that allows for
an automated adaptation of the ammonia dosing strategy for a par-
ticular catalyst. The idea is that, for a given test cycle, the entries of
a look-up table in the dosing strategy are optimized to maximize
NOx conversion under the constraint of keeping the ammonia slip
below a defined limit.

Although in our procedure the entries of the look-up table are
optimized for a single driving cycle, it is shown that the obtained
dosing strategy also works surprisingly well for other test cycles
not considered during the optimization.

The proposed optimization procedure is applied in two simula-
tion studies that investigate the extent of the influence of the
ammonia dosing strategy on the performance ranking of different

catalysts. In the first example, an iron– and a copper–zeolite SCR
catalyst are compared. In the second example, a comparison of cat-
alysts with different ammonia storage capacities is presented. In
both cases, it is shown that the relative ranking of the catalysts
depends on the dosing strategy, and that the optimal catalyst
design can only be found if each catalyst is evaluated using its
own individually adjusted dosing profile.

2. Optimization of ammonia dosing control strategy

The dosing strategy of this paper is based on control strategies
traditionally used in vehicle SCR applications. At each time
instance, the average storage level is controlled to a setpoint
obtained from a look-up table that lists the desired storage level
as a function temperature. The approach of this paper is to opti-
mize the entries of this table numerically, so that for a particular
driving cycle the NOx conversion is maximized under the con-
straint that the average and maximum ammonia slip stay below
a given limit.

2.1. Ammonia dosing control strategy

The block-diagram of the controlled system is illustrated in
Fig. 1. In this set-up, the amount of ammonia added to the SCR cat-
alyst at every time instance is dictated by an optimized look-up
table, which relates average catalyst temperatures to optimal tar-
get average ammonia surface coverages. The usage of this table
and functionality of the proposed dosing strategy is described in
more detail via the following algorithm:

(1) Starting at a given time instant (t), ammonia ðnNH3 ;inðtÞÞ is
injected into the exhaust gas stream in front of the catalyst.
At this time instant, the SCR model is used to calculate the
output variables including the average catalyst temperature
(Tcatalyst(t)) and actual average ammonia surface coverage
(Hact.(t)).

(2) The look-up table is then used to determine the setpoint, or
desired average ammonia surface coverage (Hdes.(t)), for the
current catalyst temperature via linear interpolation
between table entries. Knowing the actual average ammonia
surface coverage (Hact.(t)), the deviation from the setpoint
(e(t)) can be determined.

(3) The amount of ammonia to be added to the system at the
next time instant can then be calculated as:

nNH3 ;inðt þ DtÞ ¼
½Hopt:ðtÞ �Hact:ðtÞ� � r � V ; if Hopt:ðtÞ > Hact:ðtÞ
0; otherwise

�

ð1Þ

where H(t) represents the average ammonia surface coverage, r the
number of active sites per reactor volume and V the catalyst

Fig. 1. Block-diagram of the model-based feedback loop using the optimized look-
up table.
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