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Abstract—Selective catalytic reduction (SCR) is diesel aftertreatment using a reduction agent to reduce nitrogen
oxides. Diesel engine regulations are being tightened; therefore, the diesel aftertreatment system should be operated
efficiently. In the urea-SCR system, there is a possibility of various faults, e.g., catalyst deactivation by sulfur or hydro-
thermal aging and fault in urea injection system. These faults interfere with normal system operation and result in
increase of NOx concentration at the tailpipe. To prevent this situation, it is necessary to detect system faults. In this
study, a first-principle model for SCR system is presented based on mass and energy balance equations. Using the one-
dimensional urea-SCR model, this research introduces a model-based fault detecting strategy for SCR system. The
residuals are calculated as the difference between the model calculation and the actual catalyst system measurement
with the system faults. The results of this research are used in fault diagnosis and fault tolerant control studies to meet
diesel vehicle nitrogen oxide regulations even in the presence of catalyst faults.
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INTRODUCTION

Diesel engines have better fuel efficiency and longer life cycle
than gasoline engines [1,2]. For this reason, they are used in trans-
portation, construction, and many industrial applications. However,
despite many advantages, air pollutants from diesel engine, such as
carbon monoxide (CO), hydrocarbons (HC), particulate matter
(PM) and nitrogen oxides (NOx), contribute to environmental prob-
lems [3]. With global environmental issues emerging, regulations
on emissions from diesel automobile have been tightened. Accord-
ingly, an aftertreatment system has become essential for diesel vehi-
cles. Carbon monoxide, unburned hydrocarbons are removed using
diesel oxidation catalyst (DOC) [4]. Diesel particulate filter (DPF)
filters particulate matter (PM) from diesel engine and burns it at
high temperatures [5,6]. Nitrogen oxides can be reduced through
an engine gas recirculation (EGR) system, but with the introduc-
tion of Euro 6 regulations in 2014, additional aftertreatment sys-
tems such as lean NOx trap (LNT) and selective catalytic reduction
(SCR) began to be inevitable. From September 2017, the Euro 6¢
regulation, which applied real-driving emission (RDE) test, was im-
plemented, making the regulation of nitrogen oxide emissions more
stringent [7,8]. As a result, the future of eco-friendly diesel vehi-
cles faces the challenge of deNOx in real driving conditions.

Various studies have been conducted to efficiently reduce nitro-
gen oxides from diesel vehicles [9-12]. Among them, the urea-SCR
system has a high NOx conversion rate at high temperatures [13,14],
and does not require additional fuel consumption which is essen-
tial for LNT system [15]. The aftertreatment system equipped with
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urea-SCR is shown in Fig. 1. CO, HC and PM from diesel engines
are removed in DOC and DPE Urea solution is injected from the
urea injector to remove nitrogen oxides in the SCR module. The
injected urea is decomposed by the high temperature of exhaust
gas [16]. One molecule of urea produces two molecules of ammo-
nia as follows:

(NH,),CO—NH,+HNCO (1
HNCO+H,0—NH,+CO, 2

The generated ammonia is adsorbed onto the adsorption sites
S1 and S2 [17]. The ammonia adsorbed on S1 site does not chem-
ically react with nitrogen oxides. At each site, desorption of ammo-
nia also occurs.

S1+NH,—»NH,-S1 3
NH;-S1—>S1+NH, @)
S2+NH,—>NH,-S2 ©)
NH,-S2—S2+NH, (6

Desorbed ammonia molecules in gas phase are consumed by
oxygen at high temperature. The oxidation reactions generate nitric
oxide and nitrous oxide. Nitric oxide also reacts with oxygen at high
temperature to be equilibrated with nitrogen dioxide.

NH3+§OZ—>NO+§HZO (7)
3 1 3

NH3+ZOZ_)EN2+EHZO (8)
1 3

NH3+02—>§N20+5H20 ©)
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Fig. 1. Scheme of diesel aftertreatment system with urea-SCR.
NO+ %02—>No2 (10)

Ammonia stored in the S2 site is used as a reducing agent in the
SCR reactions to eliminate NOx. There are three types of SCR reac-
tions: standard SCR, fast SCR and NO, SCR. In the standard SCR
reaction, ammonia and nitric oxide react in 1:1 stoichiometric ratio,
to generate nitrogen and water. The fast SCR reaction consumes
both nitric oxide and nitrogen dioxide [18]. The NO, SCR reaction
employs nitrogen dioxide only [19].

NH3—82+NO+}102—>82+N2+§H20 (1)
1 1 3
NH3—82+§NO+ENOZ—>SZ+N2+5HZO (12)
3 7 3
NH3—82+ZN02—>82+§N2+5H20 (13)
5 1 3
NH3—82+ZN02—>82+§N2+N20+§H20 (14)

Through the above reactions, NOx from diesel vehicles is con-
verted into harmless nitrogen and water. Urea-SCR system is able
to reduce more than 90% of NOx from the exhaust gas. However,
when a fault occurs in the urea-SCR system, the NOx reduction effi-
ciency decreases and the amount of emission increases. Recently,
automobile manufacturers have been building fault detecting sys-
tems in order to meet on-board diagnostics (OBD) regulations,
which monitor the conditions of the vehicle. It is necessary to sys-
tematically determine whether the aftertreatment system operates
normally while driving, because the requirements of OBD regula-
tions are increasing as the Euro regulations are stringent [20]. Pos-
sible fault scenarios of urea-SCR include problems with the urea
injection system and catalyst aging.

Failure of a dosing pump or a clogged urea injector nozzle hin-
ders proper urea injection. If an insufficient amount of urea solu-
tion is injected, the SCR system will not function properly [21]. In

addition, the performance of the SCR system is also susceptible to
catalyst aging. Sulfur in the exhaust gas of diesel engines often blocks
the active site of the SCR catalysts [22]. Furthermore, SCR catalysts
are vulnerable to hydrothermal aging due to high temperature and
water [23]. The deactivated catalyst significantly lowers the NOx
conversion, causing a large amount of NOx to be emitted into from
the tailpipe.

Therefore, it is crucial to detect and diagnose SCR system faults
to prevent system failure. This paper suggests a fault detecting strat-
egy for urea-SCR system. Fault scenarios are identified by gener-
ated residuals using a mathematical model with high-fidelity. This
paper is organized as follows: Section 2 presents the mathematical
modeling approach for urea-SCR system and model-based fault
detection strategy. The results of model-based fault detection with
two fault scenarios are shown in Section 3. Finally, Section 4 pro-
vides the concluding remarks.

METHODOLOGIES

1. Urea-SCR Model

In this research, a fault detecting strategy is presented using a
one-dimensional model of urea-SCR. The governing equations for
the first-principle model are derived based on the differential vol-
ume [15,24]. The mass balance equation for the species j in the bulk
gas phase is

AR AR I A)

ot 0z +km’]'AWC*g(Cg,j - ch,j) =0 (15)

which can be rewritten as

oC,; oC,. k, A
—&] & M) weg o )
ot o v, (Cgj=Cuep) (16)

where C,; and C,; are the mole concentration of species j in the
bulk gas phase and washcoat phase, respectively. Other notations
of the governing equations are in the nomenclature section. The
species j in the bulk gas phase diffuses into the washcoat phase with
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convective mass transfer coefficient k,, , which is calculated using
collision theory [25]. Collision theory considers collision diameter

0, . and collision integral £2, ;. of the species j. The shape of all
channels was assumed to be a square in order to set the proper
Sherwood number [26].

Sh-D

n
S (17)
1 1

T3( +—
4 M., M)
D, ;=5.95432-10 " -———L (18)
pOO- uzr'Q air

The convective mass transfer coefficient k,, ; is proportional to
molecular diffusivity coefficient D,,,,;, which is affected by tempera-
ture and collision integral. The collision integral (3, . can be cali-
brated based on the collision integral table [27]. The ‘thermal energy
of bulk gas is transferred to the washcoat on the catalyst surface.
The energy balance equation in the bulk gas phase is written as

a(TgngP> ng) 6([1ngng1,) ng) —
ot + Fm +UGA o o(T,=-T,)=0 (19)
or
oT oT,  UA
_g 0~ " WC—
pr +u,—= pa —g(T -T,) (20)

P, gV

where U, is the overall heat transfer coefficient and y, is bulk gas
velocity. It is assumed that all channels have the sameLflI?ow rate.

In the washcoat phase, chemical species diffuse in and out from
the bulk gas phase. Each chemical component participates in the
reactions to be consumed or generated. In this process, the heat of
reaction is released or absorbed. The mass balance equation of wash-
coat phase is written as

ACy, 5 ;9 t eV we) + (v, C Wé ZJSWCVWC) o Ay f(C

+Zv PAY

jiti ¥ cat=

wej~Ce) 1)

The gas velocity on the washcoat surface u,, is negligible since
no-slip condition is assumed. Eq. (21) can be rewritten as

oC,,.
£ e =k, ;G.C, ;~

we 5t ch; Z ]l T (22)

where g, is washcoat porosity and G,=A,,. /V,,. For energy balance

Position 0

SCRinlet
—p

Cg,in' Tg.in
Bulk gas

Fig. 2. Discretization of a single channel in z direction.
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equations, reaction heat is considered. Since the washcoat phase is
in contact with the substrate phase, heat transfer between the two
phases must be also considered.

(T, ePcCh we Vi)
wclr~wce Z, wcC WC.
ot + z ; V]trtH]cht + UDAWC g(Twc - Tg) (23)
+ Uo sch—s(Twc_ Ts) =0

For substrate phase, heat transfer via conduction and radiation
is ignored. The catalytic module is assumed adiabatic.

T A%
M Uo, sch—s(Ts - Twc) =0 (24)

ot
Combining Egs. (23) and (24), the following equation can be ob-
tained:

a(’]:‘1"/L’pWCC

A%
6t’“ WC)+Z erV +UA, (T, =Ty (25)

jitittj Y cat 0" twe—g

REhAN
t

Assuming T.=T,,, the energy balance equation of washcoat phase
can be written as

G(T-T,)-3, vaH (26

aTWC
(gzpwccp, wc+ 83pscp, s) ot ]1 it

where &=V,/V,, and &=V /V,,. The kinetic parameters to calcu-
lating each reaction rate r;, are adopted from the authors’ previous
work [28]. The coverage fraction of adsorption sites is considered
as

00, IV,

E " @7)
where 6), is coverage fraction of each site and y;, is storage capacity.

Since partial differential equations are included in the governing
equations, they need to be in a simpler form to be calculated in the
engine control unit (ECU). The equations are simplified using the
successive linearization method [29]. As shown in Fig. 2, the sin-
gle-channel model is discretized in the z-direction. Within a suffi-
ciently small compartment 1,, the derivative of state in z direction
can be assumed to be linear form as

(n) (n-1)
0Cy; Cel~Ce
oz L

(28)

SCR outlet

Cg,oub Tg,out
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(n) (n-1)
o, 101y

oz~ L 29)

for n=1, 2, ---, k, where C;"; and ng") represent the mole concen-
tration and temperature in nth position. Through this method, the
number of states and equations is increased k times, but the PDE
can be converted into multiple ODEs. The smaller L, is, the more
accurate simulation is possible. Although a two-cell model was pro-
posed in a previous paper [30], k is set to 5 in this study to mini-
mize model-plant mismatch.
2. Model-based Fault Detection

Recently, data-based fault detection studies have been conducted
in the field of chemical engineering [31,32]. However, data-based
fault detection methodologies are usually suitable for large scale
processes, which have numerous sensors of operating units. On the
contrary, aftertreatment system of diesel vehicles has limited mea-
surable variables. It is also inaccessible to obtain the driving data
with system faults. The model-based fault detection approach has
been widely adopted in various industries [33,34]. Based on mea-
sured input and output, the model-based methods use dynamic
process model. These methods are based on parity equations, param-
eter estimation and state observers [35]. Among them, the parity
equation approach uses a process model to generate an output error,
comparing the behavior of the actual process [36]. If the dynamic
model matches the actual process and the sensors are fault free,
the model can be used to identify presence of fault in the system.
As shown in Fig. 3, the residuals are generated by comparing the
two model, SCR system without any fault and SCR system with
system fault. It is assumed that three measurements are possible at
outlet stream: NOx concentration, NH; concentration and tem-
perature. As shown in Egs. (30), (31) and (32), three residuals are
calculated by simply comparing the three real-time measurements.
This simple calculation is also possible in the ECU environment in
diesel vehicle.

ReSidual NOX:XNOX, Jault ™ XNOx, normal (30)

' CO, HC
CO, HC,
PM, NOx 4FI"
e ® > engine out Ll

Diesel engine

Residual NH;=Xyg, o~ Xt norma (D
Residual temperature=Tj,;— T,ipma (32)

If the residual value is out of a specific range, it can be identi-
fied as a fault. Calibrating the thresholds is challenging because the
sensor of a real vehidle is noisy. The thresholds have to be set prop-
erly false alarm due to noise and model error. If the thresholds are
adjusted low, the fault becomes more detectable, but sensor noise
can also be recognized as a fault. They are affected by sensitivity of
the sensors in a real vehicle.

RESULTS AND DISCUSSION

In this study, two fault scenarios are considered: urea injector
fault and ammonia storage capacity fault. A constant feed gas with
400 ppm NO and 100 ppm NO, flows into the catalyst system for
30 minutes. It is assumed that the initial ammonia adsorption sites
are empty. The system fault is generated after the system reaches a
steady state. The results of model-based fault detection are shown in
Fig. 4. The simulations of urea-SCR system are run using MATLAB
R2020a with Intel® Core™ i7-10700 CPU. It takes 291.6 seconds
to simulate a 30-minute scenario.

Fig. 4(a) shows the residual values for urea solution injector fault,
which causes decrease of urea injection. During the first 10 minutes,
the SCR system reaches steady state where ammonia adsorption
and desorption reactions are equilibrated. The fault is introduced
in the urea-SCR system after 10 minutes of normal state simula-
tion. The black dashed line indicates threshold level. After the fault
is introduced, the NOx concentration gradually increases and exceeds
the threshold within 13 minutes, but the ammonia concentration
and temperature of outlet gas show just slight decreases without sig-
nificant change. They could be detectable by adjusting the thresh-
old level, but in such way, noise can be recognized as a system fault.
If the urea solution injector does not work properly, it leads to de-
crease in the reducing agent, ammonia. As the amount of ammo-

W urea NOx
removal removal urea |§ injector removal
q L ™ — T
— DOC DPF i SCR SCR

- o — —
sensor

*now T, VFR

SCR system model

without any fault

SCR system model

Residual

: —— Fault or Not
Generation

with system fault

Fig. 3. Scheme of model-based fault detection for urea-SCR system.
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(a) Urea solution injector fault
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Fig. 4. Residuals for urea-SCR system (a) Urea solution injector fault (b) Catalyst storage capacity fault.

Table 1. Fault-symptom table for urea-SCR system (++: Symptom responds intense positive, +: symptom responds positive, o: symptom does

not respond)
Fault Residual NOx Residual NH; Residual temperature
None 0
Urea injector ++
Catalyst deactivation + ++

nia in the catalyst system is reduced, the SCR reaction of NOx is
reduced, and thus the amount of NOx in outlet stream is increased.
Ammonia has a small amount of emission even under normal
conditions, so the residual is insignificant.

The results for model-based fault detection of ammonia storage
capacity fault are shown in Fig. 4(b). This fault may occur due to
hydrothermal aging and catalyst poisoning by sulfur. The ammo-
nia storage capacity is decreased as the adsorption sites on the catalyst
surface are reduced. This case often happens with old diesel vehi-
dles. After ten minutes of normal state simulation, the fault is intro-
duced by decreasing the ammonia storage capacity of both adsorp-
tion sites, S1 and S2. Both NOx concentration and ammonia con-
centration of outlet stream increase immediately after the occurrence
of the system fault. The reduction reaction rate of nitrogen oxides
is reduced as ammonia in the adsorbed stated is decreased.

The simplified symptoms for a single fault are shown in Table 1.
It demonstrates that different symptoms appear for different sys-
tem faults. The table can be used as a basis for fault diagnosis and

July, 2023

fault-tolerant control of aftertreatment system.
CONCLUSIONS

This study presents a model-based fault detecting strategy for
urea-SCR system of diesel vehicle. The proposed approach includes
a first-principle modeling of urea-SCR system that considers SCR
reactions, mass transfer and heat transfer. Through the successive
linearization method, the one-dimensional model can be calculated
in real time. Using the model, residuals are generated by simply
comparing fault mode and fault-free mode. The suggested method
effectively isolates two types of fault scenario: urea solution injec-
tor fault and catalysts storage capacity fault. The results of this study
are applicable to further fault-tolerant control of aftertreatment sys-
tem, reducing NOx emissions of old diesel vehicles. However, there is
a limitation in that it is difficult to calculate the model in real time
at the current level of ECU performance. If ECU performance is im-
proved, it is expected that it will be possible to diagnose the fault with
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urea-SCR system and determine when to replace the equipment.
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NOMENCLATURE

Symbol
A, :surface area between washcoat and gas phase [m’]

C,; :mole concentration of species j in gas phase [mol m’]

CE"; :mole concentration of species j in gas phase at nth position
[mol m™]

C,, :heat capacity of gas [J K'']

C,. :heat capacity of substrate [J K]

C, . :heat capacity of washcoat [J K]

C,.; :mole concentration of species j in washcoat phase [mol m™]

d,  :hydraulic diameter of a channel [m]

D,,q;; : molecular diffusivity coefficient of species j in air [m2 s-1]
G, :geometric surface area to catalyst volume ratio [m-1]
H/  :enthalpy of formation of species j [J mol ']

k,,; :mass transfer coefficient of species j [m s

M,; :molecular mass of air [kg mol ']

: molecular mass of species j [kg mol ']

m,,,, :mass flowrate of urea [kg s ']

Po  :atmospheric pressure [Pa]

r,  :reaction rate of ith reaction [mol m™s™']

Sh  :Sherwood number [-]

T, :temperature of bulk gas [K]

Tg’) : temperature of bulk gas at nth position [K]

T,  :temperature of substrate [K]

T,. :temperature of washcoat [K]

u,  :bulk gas velocity [m s™']

U, :overall heat transfer coefficient [Jm > K ' s™']

V,  :volume of gas [m’]

V,. :volume of washcoat [m’]

Xyor - Mmole fraction of NOx [-]

&. :washcoat porosity [-]

&  :(volume of gas)/(volume of catalyst system) [-]

&  :(volume of washcoat)/(volume of catalyst system) [-]
&  :(volume of substrate)/(volume of catalyst system) [-]
6, :coverage fraction of mth site [-]

v;  :reaction coefficient of species j in ith reaction [-]

P, :density of gas [kg m™]

o :density of substrate [kg m ]

Puc  :density of washcoat [kg m™]

0, :collision diameter of species j [m]
W, :storage capacity of mth site [mol m™’]
) : collision integral of species j

ABBREVIATIONS

DPF : diesel particulate filter

DOC : diesel oxidation catalyst
ECU :engine control unit
EGR :engine gas recirculation
HC :hydrocarbon

LNT :lean NOx trap

NOx : nitrogen oxides

OBD : on-board diagnostics
PM :particulate matter

RDE : real-driving emission
SCR :selective catalytic reduction
VER :volumetric flowrate
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