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Catalytic exhaust gas aftertreatment devices fittedombustion engines are susceptible to partiactieation as their operating
time progresses. This includes selective catahgiltiction (SCR) reactors meant for N@mission control. There are several known
deactivation mechanisms of SCR reactors alreadyyaedlin detail in the literature. This paper, howewapproaches the analysis of
reactor deactivation by comparison of exhaust deracteristics over repeatable cycle for fresh agegd samples of a SCR reactor for
non-road mobile machinery. The research aims téirmitvhich parameters describing the SCR reactoridgpmance are most affected
by its ageing. In order to do that, fresh and agadhples of the reactor were tested under the Non Bteadly Cycle. The acquired
emission results, including concentration tracepaiticular compounds were analyzed. The specifig &l@ission of the aged reactor
was significantly higher than that of the fresh oflee NQ conversion efficiency of both reactors was foumdilar at periods of steady
engine operation. It was recognized that during sient conditions the NQonversion efficiency of the aged reactor was deszd. It
was found that the main factor contributing to thaenomenon is the drop in the ammonia storage égpaicthe aged SCR sample.
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1. Introduction engines (STAGE IV) have been in force since 2014e T
On a global scale, the impact of internal combuistin-  recent tightening of this limit mainly concernec treduc-
gine (ICE) operation on the natural environmengigmifi-  tion of specific NQ emissions to 0.40 g/kWh (Table 1) [7].

cant, as it is the most common vehicular propulsigstem This change forced engine manufacturers to apphfizc-
worldwide. The ICE exhaust gases contain both harmftive method of purifying exhaust gas from nitrogexdes.
and greenhouse gases. The legislation intendsntbdth;  This challenge primarily concerned CI engines ofégeon
however, the harmful gases have been regulatedefrades lean mixtures, where due to the presence of oxygehe
while the limitation of greenhouse gases is justobeing exhaust gas, it is not possible to reduce,M® a TWC
more common. To comply with the requested emissigieactor. In this case, it is assumed that the ratfitient
limit of a particular harmful compound, effectivahaust method of NQ emission control is an SCR system. Such
aftertreatment system (ATS) is applied [1]. Nowajape Systems are now widely used in engines for non-roae
selective catalytic reduction (SCR) of N®y NH; is rec- bile machinery meeting the STAGE IV limits.

ognized as the most comprehensive solution fog Bifis-

sion control. The system is capable of reachindy biggrall Table 1. STAGE IIIB and STAGE IV emission limits RO, [7]
conversion efficiency — frequently exceeding 90%3p It o Power range |  Date of Brake specific
is considered to be the major future dgNgdlution and Limit [KW] introduction | VOx emission
considerable research is being conducted to magiritiz limit [g/kWh]
potential [4, 5]. Nevertheless, the SCR systenusesptible STAGE lliB 130 P 560 | 2011.01 2.00

to partial deactivation as its operating time pesges. STAGE B 56 _P<130 | 201201 3.30
There are several known reversible and irrevers&R STAGE IV 130 P 560 | 2014.01 0.40
reactor deactivation mechanisms already analysettiail STAGE IV 56 P<130 | 2014.10 0.40

in the literature [2, 6]. In the case of reversiplenomena,
recovery of reactor functionality occurs at eledagxhaust
temperature, which allows oxidation of compoundsbit-

Table 2. Required period of compliance with the SEAV limit for non-
road mobile machinery engines [8]

. . . . L Limit Power range [K Limit compliance [h
ing catalytic activity. Irreversible deactivatiogaurs when STAGE IV p 379 (kW] 5080 W
the porous zeolite structure collapses and maseoiahigh- STAGE IV >37 8000

er density, e.g. quartz, are formed. The influeoaE&SCR
ageing on the composition of tailpipe exhaust gasoim-
plex, as it affects the emission of NOH; and NO. This
research aims to characterize which parametergidiege

the .SCR reactor’; _performance are most aﬁgct_edtsby not be exceeded (Table 2). According to these ediguls,
ageing and how it influences the tailpipe emissidrar engines — and in particular their ATS — must ndy aneet

research purposes an SCR system for non-road motﬂh emission limits in “as new” condition, but algoaran-
machinery applications was considered. tee their fulfilment throughout the required per@fdengine
2. Legal requirements regarding NQ emission operation [8]. A key condition to meet this requient is

Legal regulations regarding emissions of harmful exthe lifespan of the ATS. However, such systemduiing

haust gas compounds are becoming more restriciive. those incorporating SCR, a characterized by effye
current EU emission limits for non-road mobile miaeny ~drops as they age. There are several known mechsib

The legal provisions specify not only the maximuer-p
missible specific emission of harmful exhaust coomts,
but also the period of operation during which fingts will
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SCR deactivation and they can be classified a®vall

[1, 3]:

— Hydrothermal deactivation: the exposition of SteRc-
tor to exhaust gas of temperature exceeding ®@hd

system worked in so-called closed loop, where #rame-
ters determining the UWS injection rate were thesrftow
of exhaust gas, the engine-out concentration of &l@ the
alpha factor regulating the composition of the otmd

humidity above 4% may lead to zeolite structure- comixture of NH; and NQ. This system consisted of an elec-

lapse.

tronic controller with appropriate software and et ®f

— Hydrocarbon accumulation deactivation: the SC&t+e sensors. At the inlet to the ATS, a Néncentration sensor
tor tends to accumulate HC, especially at exharstt was located in the raw engine exhaust. This sewasrof

peratures below the DOC light-off point; under aart
conditions the stored HC oxidizes, leading to Iagmits
where the safety temperature of the reactor isexexd

— Sulphur poisoning: reduced catalytic site agtiesaused
by the presence of sulphur compounds.

— Chemical deactivation: alkali metals may displdte
from the exchange sites and thus reduce catalfiigts.

— Ammonia deposits deactivation: reducing catalgiies
activity by UWS-derived compounds.

3. ATS and engine setup

The unit selected for the research was a regul& @€
actor designed for a non-road mobile machinery reegyi
The active layer of the reactor's substrate wasenudd-e-
exchanged zeolite. The substrate had a cylindsicape 18
inches (45.7 cm) long, 10 inches (25.4 cm) in dig@mand

thus 11.6 drhof volume. The SCR reactor tested was in

stalled in the exhaust aftertreatment system (E)g.the
functionality of which ensured compliance with tamis-
sion limits of STAGE IV. The system incorporated®@®C
reactor, the function of which was to oxidize th® @nd
HC present in the exhaust gas and to oxidize didraof
the NO present to NOThe right ratio of N@to NO, not
exceeding 50:50, ensures optimal performance ofStOR

reactor [2]. Subsequently, downstream of the DO t:

UWS injector was installed in the exhaust lineohder to
ensure the most uniform UWS distribution in the audt
stream, in the close proximity of the injector, éximg
element was placed. Behind this element, at aristaf
about 80 cm, the tested SCR reactor was instéllleel span
between the mixing element and the reactor providad
for the evaporate water from UWS and to for thertiady-
sis and hydrolysis reactions necessary to obtaig fbin
urea to occur.

In addition to the active components of the AT Setys
it also included a control system for the UWS ritieo-

duced into the exhaust stream. The applied UWSndosi

exhaust
mass flow

Tl controller
_l‘.

.~ S
st

NO, temp.

sensor sensor

key importance for the operation of the SCR systasnits
reading was a parameter directly influencing thewated
value of the UWS dosing rate. Together with the,dén-
sor, a temperature sensor was used, according itdn e
lower temperature threshold for the start of the &Jtdsing
functioned. At the end of the exhaust aftertreatnsgatem,
downstream of the SCR reactor, there was anotlteofse
sensors: an Nficoncentration sensor, a N©oncentration
sensor and exhaust gas temperature sensor. ThedH
centration sensor monitored the Nioncentration value
after the catalytic converter. Based on its reaglinthe
UWS dosing system could reduce the amount of MHo-
duced to minimize its emission to the atmosphehe NIQ,
sensor monitored the correctness of \Né@nversions in
order to diagnose the entire system functionakty. to
diagnose a lack of UWS. The temperature sensordcoul
provide feedback causing the engine's performaacket
limited, if the safe temperature threshold for $igstem was
exceeded.

The exhaust aftertreatment system incorporatingrthe
vestigated SCR reactor was built into the exhaostdf the
Cl internal combustion engine with the followingrame-
ters:
displacement: 4500 ém
number of cylinders: 4,
rated power: 103 kW,

Common Rail fuel injection system,
turbocharging with a waste gate,

fuel: B7 Diesel fuel,

engine application: non-road mobile machinery.

4. Experiment setup and ageing procedure

The engine and exhaust aftertreatment system were i
stalled on the laboratory engine test bench. Thelbevas
capable of executing both the emission measurenaamts
the ageing procedure. Prior to the emission meawimts,

5] i)
UWS tank
and pump
\I ¢
| I /-
temp. NO, and NH;

sensor sensors

Fig. 1 Exhaust aftertreatment system including SCR reactder test
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the ATS was degreened for 5 h in a controlled mabge 0.151 g/kWh, and for the measurement of the agactag
exposing it the exhaust stream of 35Qemperature. This the obtained NQemission was 0.322 g/kWh. This increase
operation aimed to stabilize the zeolite structarel re- in NO, emissions is 218%, which clearly confirms the par-
move any potential debris deriving from the product tial deactivation of the SCR reactor and the appatgness
process. Such operation ensured the performanbditgta of the selected ageing procedure. Despite a maome th
of the reactor from the very first measurementeycl a twofold increase in post-SCR N@missions, the ob-
The prepared test bench installation allowed perfotained result of the aged SCR reactor is still Welhe
mance of the experimental activities in the follog/iorder: STAGE IV limit of 0.4 g/kWh. A similar tendency was
1. measurement of chosen gaseous exhaust gas codspowbserved for NO emissions, where the aged sampgle di
downstream of the ATS for the new SCR reactor, played emissions 224% of the fresh sample’s emissim
2. controlled ageing of the SCR reactor, line with the NQ and NO emission trends, the fresh SCR
3. measurement of chosen gaseous exhaust gas codspouieactor featured a lower maximum RjHoncentration
downstream of the ATS for the aged SCR reactor. downstream of the aftertreatment system.
The measurement of gaseous exhaust emissions down-
stream of the ATS before and after the SCR reamjeing  Table 3. Results summary of NRTC RMC test for frastl aged sample

was done according to the same methodology. Asasime Brake specific | Brake specific | NH; maximum
urement test, the NRSC RMC (Non Road Steady Cycle c%ﬁiﬁitg; NO, emission | NO emission | concentration
Ramped Mode Cycle) stationary cycle was adoptedzhwh [g/kWh] [g/kWh] [ppm]

is a part of the type approval procedure for ergjinéend- Fresh 0151 0.087 13
ed for non-road mobile machinery. For the purposthe

research, the NONO and NH concentrations were meas- Aged 0329 0.195 19
ured. Increase 218% 224% 146%

The test bench automation system was capable ef exe
cuting the predefined cycle and acquiring measunéme
results at a rate of 10 Hz. Apart from exhaust ga®-
pound concentrations, a number of channels negefsar
specific emissions calculations were acquired. &hies
cluded the engine speed and torque. The mass flaair o
supplying the engine and the fuel consumption wds® NRSC RMC test, the engine operates at 9 fixed dipgra
measured. On the basis of the sum of these twongdeas, points, including two periods of idling: the firahd the last
the mass flow of exhaust gas through the ATS wasrde test step.
mined. In addition, the following parameters wereast
ured: temperature and humidity of the engine inakend
atmospheric pressure. Moreover, ATS signals readamgl
the UWS injection rate were acquired during thé tes

The test bench automation system featured data post
processing tools enabling calculation of specifitissions
(g/kwh) achieved over the test. The intermediagpstof
the emission calculation were the determinatiotheftotal
emitted mass of each of the measured compoundsnand
chanical work done by the engine during the whes.t

The procedure of the controlled ageing of the SE&+
tor was the following:

1. Engine operation with gradual increase of loadl a
speed from idling up to the rated power point. Diora
of the phase: 2 h 10 min, engine run time: 2 h 2 m

2. Three repetitions of the NRSC cycle. Durationthod
phase: 1 h 30 min, engine run time 1 h 30 min.

3. Two repetitions of the NRTC cycle (cold and warn
test), including engine conditioning for cold tedisira-
tion of the phase: 6 h, engine working time 1 0.

The total duration of a single ageing cycle was3hmin,

including engine operation time of 5 h. The totaimber of

Figure 2 presents traces of selected parametemsgdur
the NRSC RMC test performed for a fresh and ageR SC
reactor. The engine speed and torque lines showeleet-
ed operating points. Obtained traces in both & salmost
identical, showing very good repeatability of thestt In the

600

NOXx concel

400

200

NO concentration post SCR [ppn

E

0 - i 24 f

cycle repetitions amounted to 50, reaching 250 Brgfine A 18 ?
operation along with the ATS undergoing ageing. A tif) P
5. Test results il Y2V BN N
Table 3 presents results of measurements gf $p@cif- YN S S S N SEF OQ’Q SSSSS B

ic emission and maximum NHoncentration obtained in NRSC test time [s]
the NRSC RMC test on the fresh and aged SCR redaotor

) Fig. 2. Traces of chosen parameters over NRTC test
the case of the fresh rector, the measured é&tfilssion was
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The NRSC RMC test is a hot condition test. Beforef the aged reactor, a maximum concentration ofppi8

starting the test, controlled warmup of the enginel ex-
haust aftertreatment system was performed. Therengas
then stopped and immediately restarted to initthte test
without delay. The temperature of the SCR reactaha

was obtained.

Over the entire test, the NO concentration tracefis
similar trend to N@Q. The concentration traces of NElear-
ly indicate its lower emission downstream of thesfr reac-

start of the test exceeded 2G0and it was found that it was tor.
saturated with Nklsupplied during the warm up phase.
The first step of the test was idling. In this stigsting
120 s, a small dose of UWS was delivered to theaesh
gas stream, amounting to 0.5 g. The ,Né@ncentration
after the SCR reactor was less than 1 ppm througtheu
entire step, both for the fresh and aged reactoch $ow
NO, concentrations were possible due to the; Ntdred in
the SCR reactor and due to the appropriate extennmter-
ature (approx. 20@). A similar phenomenon occurred in
the last test step, in which the engine was al8ogidand

6. Conclusions

An aged SCR reactor is characterized by an incrigase
total NQ, and NH emissions after the exhaust gas after-
treatment system. The N@onversion efficiency of both
reactors was found similar at periods of steadyrengper-
ation. It was recognized that during transient domas the
NO, conversion efficiency of the aged reactor was de-
creased. Different responses of SCR system equipted
fresh and aged SCR reactor for an immediate iner@as
the measured NQconcentration after the SCR reactor waglOX emissions of raw exhaust gases resullted from agena

in the storage capacity of NHA sudden increase of the

below 1 ppm. . )
At the 120" second of the NRSC test, the engine's opeNOX concentration forces the UWS dosing system to pro-

ating point changed: from idle to the point of nmaum portionally increase t_he UWS dos_e delivered tQMUSt
stream. However, this response is delayed. Inftiale to
the insufficient amount of UWS in the exhaust, oggn
xides reacts with Nfistored in the SCR reactor. During
this period, the amount of N@eaving the SCR reactor was
inversely proportional to the amount of previoushsorbed
NHs. With the ageing of the SCR reactor, the storaae ¢
pacity of NH decreases; consequently the ,Né&mnission

torque. This point is characterized by the high¢®y con-
centration in the raw exhaust gas, the value ofclviex-

ceeds 1400 ppm. Despite the immediate responséeof p

UWS dosing system, an increase in the,NOncentration
after the SCR reactor was noted. This tendency roedu
both in the case of the fresh and the aged redgstdrthe
values of the concentrations obtained were differéme
maximum NQ concentration for the fresh reactor was 39
ppm, while in the case of an aged reactor it we ppym.
The stabilization time of the SCR system was alfferént
for both reactors. The fresh SCR reactor revediedhtini-
mum NQ, concentration in the analysed step 80 secon
after the beginning of the step (i.e. 145 secomts the
test) and its value was 4 ppm. In case of the agadtor,

the lowest observed N@oncentration was 21 ppm, occur-

ring 120 seconds after the beginning of the step @65
seconds into the test). A significant increaserigiee load
also occurred at 1100 into the test. In this ctse,engine
load increased from 10% to 75% of the maximum tergu
the engine speed for its rated power value. The §&kem
response to an immediate increase in, @issions was
similar to that observed in the 1%8econd test for both the
fresh and the aged SCR reactor. The fresh reagteated

maximum NQ concentration of 85ppm, while in the case

§1creases behind the SCR reactor in the statesiddes

rise in NQ, emissions of raw exhaust gas.
A reduction of the NH storage capacity of the aged
SCR reactor was also noted in the plot of ;Nidncentra-

ggn downstream of the reactor. For the vast mgjafi the

test duration, the NpHconcentration behind the aged reactor
was greater than in the case of the fresh readtomonia
entering the SCR reactor, which was not used taaed
NO,, in the case of the aged SCR reactor, was stared t
lesser extent. The NQronversion efficiency of both reac-
tors was found to be similar at periods of steadgire
operation. The deactivation of the SCR reactor ariiyp
affected its performance under transient conditiomsen
ammonia storage capacity is the most crucial paterme
influencing NQ conversion efficiency.
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Nomenclature

ATS  aftertreatment system

Cl compression ignition

CcO carbon monoxide

Cu copper

deNQ, aftertreatment device meant for nitrogen oxides
DOC diesel oxidation catalyst

HC hydrocarbons

ICE internal combustion engine

N,O nitrous oxide

NH3 ammonia

NO nitric oxide

NO, nitrogen dioxide

NOy nitrogen oxides

NRSC non-road steady cycle
NRTC non-road transient cycle
RMC ramped mode cycle

TWC three-way catalyst

UWS urea-water solution

SCR  selective catalytic reduction
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