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Abstract

We present results from a computational study of the potential for using low-cost sorbent materials to trap the emis-
sions of hydrocarbons and nitrogen oxides temporally during cold-start periods in hybrid electric vehicles and plug-in
hybrid electric vehicles operating over transient driving cycles. The hydrocarbon adsorption behavior of a candidate sor-
bent composed of Ag-beta-zeolite was characterized in a laboratory flow reactor to estimate the kinetic parameters for
a one-dimensional transient adsorber device model. This model was then implemented in the Powertrain Systems
Analysis Toolkit to simulate a passive hydrocarbon adsorber device on a hybrid vehicle. The results indicate that such an
adsorber can substantially reduce the hydrocarbon emissions by temporarily storing them until the three-way catalyst is
sufficiently warm to remove them from the exhaust. A similar adsorber device model was simulated for nitrogen oxide
control, using an initial set of conjectured kinetic parameters for transition metal oxides based on limited information in
the literature. These latter simulations revealed the need to pursue additional experimental studies to characterize fully
this class of sorbents. Such studies are especially relevant in the present context of rapidly evolving vehicle technology,
because emission controls of this type do not involve any penalty in fuel consumption or require any change in engine
operation.
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Introduction becomes functional. In conventional vehicles, a cold
start can contribute up to 80-90% of the total drive
cycle emissions during the 30—40s required to heat up
the catalyst.>® Thus a cold start is a major concern for
HEVs and PHEVs, where engine operation is typically
much more intermittent. This provides a major motiva-
tion for developing innovative technologies for reduc-
ing cold-start emissions from hybrid vehicles.

Several approaches have been proposed to heat up
the emission control systems rapidly in conventional
vehicles, including direct catalyst heating®’ and rapid
ramping of the engine fueling rate.® '° These methods

Hybrid electric vehicles (HEVs) and plug-in hybrid
electric vehicles (PHEVs) offer substantial benefits for
improved fuel economy, carbon dioxide (CO,) emission
reduction, and petroleum displacement. However,
intermittent utilization of the combustion engine in
HEVs and PHEVs increases the impact of cold-start
emissions. Three-way catalysts (TWCs) are widely used
for controlling the emissions from conventional gaso-
line engines but are effective only when the catalyst
temperature reaches a critical ‘light-off” threshold. For
current TWCs, this threshold is about 150-200°C.!
Recently, there has been considerable interest in devel-
oping catalysts that become active at lower tempera-  Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
tures.> > Since a cold start always involves a delay in

C e Corresponding author:
catalyst heat-up, there can be a significant release of 7. L") "o Ridge National Laboratory, PO Box 2008 MS 6472,
carbon monoxide (CO), unburned hydrocarbons ok Ridge, TN 37831-6472, USA.
(HCs), and nitrogen oxides (NO,) before the catalyst  Email: gaoz@ornl.gov
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suffer from the disadvantage that they consume fuel or
battery power to generate the added heat, thus nega-
tively impacting the overall energy efficiency. Other
studies have focused on developing catalysts that func-
tion more effectively at low temperatures, e.g. by
exploiting the properties of gold nanoparticles.'!!?
Unfortunately, deactivation and poor long-term stabi-
lity become issues for these catalysts under realistic
exhaust conditions.

A third approach for controlling cold-start emis-
sions utilizes low-temperature adsorption (we use this
term to refer to both physical adsorption and chemical
adsorption) to capture pollutants temporarily until the
catalyst is sufficiently heated. Low-temperature adsorp-
tion has been considered for controlling a wide range
of emissions in the chemical industry, including CO,
HC, and NO,."* ' Low-temperature adsorbers have
also been investigated in automotive applications. For
example, zeolites have been used to trap and then to
release HCs once the after-treatment system is suffi-
ciently heated.'*!*!7!8 Such adsorbers have the advan-
tage that they do not consume additional fuel or
battery energy, and they are relatively inexpensive com-
pared with precious metal catalysts (e.g. less than
US$1.0 per gram). The amount of sorbent material
required to trap the emissions during the cold-start
period is also typically much less than that required in
catalytic devices, so that the added volume of adsorber
devices is comparatively small.

Recent studies of passive adsorbers have focused
mainly on HCs, with candidate sorbent materials such
as Ag-beta-zeolite of high interest because of the capac-
ity of its large pores to capture large molecules,' but
there are also efforts under way to develop improved
sorbent materials for other exhaust species such as
NO.,. In particular, Fe-Mn-Zr transition metal oxides
have been reported to have a high NO, adsorption
capacity at ambient temperature in the presence of oxy-
gen."!®> In Fe-Mn-Zr oxides, it appears that ZrO,
adsorbs NO,, while FeO, and MnO, catalyze NO oxi-
dation to NO,. Both of these sorbents can be regener-
ated (releasing their adsorbates) when heated above
150°C."> Although NO, adsorption by transition metal
oxides has been studied in the laboratory under the
conditions relevant to the chemical industry, we have
not been able to find reports concerning their utiliza-
tion for vehicle cold-start emission controls.

In this paper we summarize results from a prelimi-
nary study of the potential for using chemisorbing
materials to trap the HC emissions and the NO, emis-
sions respectively temporally during cold-start periods
in HEVs and PHEVs over transient driving cycles. As
far as we are aware, this is the first study in which a
direct link between the adsorbent properties and the
dynamic drive cycle tailpipe emissions from hybrid
vehicles has been reported in the open literature. As a
basis for our HC capture modeling, we made labora-
tory measurements with a model Ag-beta-zeolite sor-
bent to characterize its adsorption and desorption

behavior. We then parameterized a simple sorbent
model with kinetic rate constants derived from the
experimental measurements, which were then utilized in
a one-dimensional transient device model implemented
in the Powertrain Systems Analysis Toolkit (PSAT)"
to simulate the impact of a passive adsorber device on
the HC emissions from a gasoline-powered passenger
HEV and a gasoline-powered passenger PHEV.
Preliminary kinetic parameters were also proposed for
a transition metal NO sorbent based on limited infor-
mation in the literature. These parameters were then
used to simulate a passive NO adsorber on an HEV
and a PHEV also. The impact of the large uncertainty
in these latter parameters on the simulated performance
reveals how important it is to carry out further detailed
laboratory studies on such materials.

For conducting the PSAT simulations, we utilized a
previously published methodology to account for the
emissions and temperature transients in the engine
exhaust.”” We also utilized a previously published TWC
model developed at Oak Ridge National Laboratory®'
to simulate the performance of a TWC.

Experimental methods

The experimental HC adsorber materials considered in
the present study included Ag-ZSM-5 and Ag-beta-zeo-
lites. These were prepared by ion exchange of ZSM-5
and beta-zeolites respectively from Zeolyst, with an
aqueous solution of AgNO5 (15cm® AgNO;/g zeolite)
at 60 °C for 7 h. After the exchange, the solutions were
filtered and washed with deionized water. The silver-
exchanged solids were dried overnight at 100°C and
then calcined at 550 °C for 8 h. The Ag-ZSM-5 had a
silicon-to-aluminum ratio of 15 and a surface area of
400 m?/g, while the Ag-beta-zeolite had a silicon-to-
aluminum ratio of 12.5 and a surface area of 680 m?/g.
The adsorption and desorption behavior of the
above sorbents exposed to propylene (CsHg) was char-
acterized with a fixed-bed quartz reactor of 10 mm dia-
meter (Figure 1). Samples of sorbent materials were
placed in a U-shaped quartz reactor between two plugs
of quartz wool, which was suspended in the heated

Exhaust

Mixing
. ]
Humidifier Chamber Exhaust

$33%%

Ar CO NO CjH; 0: CO.

Furnace

Adsorber bed Mass spectrometer

Figure I. Schematic diagram of the experimental fixed-bed
sorber used for characterizing C3H¢ adsorption and desorption
behavior.
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Figure 2. Experimental HC breakthrough curve for the fixed-
bed sorber containing beta-zeolite. For adsorption, a 3 min
concentration step of 1000 ppm C3H¢ was injected into the
200 cm®/min argon stream (52,000 h ™' space velocity). The
desorption temperature ramp was initiated 30 min later.

zone. The temperature was managed by a programma-
ble temperature controller. Each powder sample was
pre-treated at 450 °C under argon flow and then cooled
to 45°C. The samples were then exposed to a total flow
of 200 ml/min argon or simulated exhaust gas mixtures
with 3min step inputs of 1000 ppm or 2000 ppm C;Hg.
After the adsorption step, the reactor was maintained
at 45°C for 20 to 28 min to desorb weakly adsorbed
C5Hg. Subsequently, the samples were heated to 450 °C
at the rate of 10°C/min. The desorbed gas products
were continuously measured by a mass spectrometer
(Pfeiffer, Prisma) to account for the release of the
remaining trapped C;Hg.

An example of the breakthrough curves for CsHg
adsorption and desorption on beta-zeolite is depicted in
Figure 2. In this case, the sorbent sample consisted of
0.1g Ag-beta-zeolite and 0.3 g quartz powder. Quartz
powder was added to dilute the sample and to minimize
the temperature change due to adsorption exotherms.
The resulting breakthrough profiles indicate that effec-
tively 100% of the C3Hg was adsorbed during the 3 min
step input. After 30 min, the temperature was increased
at 10 °C/min. Significant desorption of C3Hg began at
250°C and peaked at about 350 °C. Interestingly, this
desorption temperature range for CsHg would appear
to be matched well with the expected activity of a down-
stream TWC, since TWCs are typically highly active
above 250 °C.

Figure 3 illustrates an example of the combined
adsorption and desorption of C3Hg in a mixture of sor-
bent materials such as might be used in a multi-
functional adsorber device. In this case, the sorbent
sample consisted of 0.1 g of Ag-ZSM-5, 0.1g of Ag-
beta-zeolite, and 0.1 g of Fe-Mn—Zr transition metal
oxides diluted with 0.3 g of quartz powder. The feed
gas also consisted of a more complex mixture of simu-
lated exhaust species, including 320 ppm NO, 2000 ppm
CO, 2000 ppm C3Hg, 4% CO,, 2% H,0, 2% O, with a
balance of argon. The C3Hg adsorption and desorption

Figure 3. Measured and simulated HC breakthrough profiles
for the fixed-bed sorber containing a mixed sorbent and fed
with simulated exhaust. The adsorbing stage consisted of an
inlet step in a C3H4 concentration of 2000 ppm, with 2000 ppm
CO, 325 ppm NO, 2% H,0, 2% O,, 4% CO, in a balance of
argon in the carrier gas for 3 min at 50 °C followed by argon
only and a temperature ramp of 10 °C/min. The carrier gas flow
was 200 cm®/min, yielding a space velocity of 34,000 h™".

by Ag-beta-zeolite was still effective, although the ini-
tial breakthrough during the capture phase appears to
be slightly increased. Under the mixed-gas conditions,
C5;H¢ desorption still began at 250 °C and peaked at
350°C (see Figure 3).

Adsorption model

Relatively simple kinetic models of adsorption and des-
orption have been demonstrated to be widely useful for
modeling industrial sorption processes.>> For simulat-
ing a passive automotive adsorber device, we used one-
dimensional transient differential mass and energy bal-
ances. We also utilized a transient energy balance along
the same lines as the lean NO, trap model published
previously®® to account for variations in the gas tem-
perature. Details of the energy balance are available in
Appendix 2. In the present model, the heats of adsorp-
tion and desorption are not accounted for in the energy
balance since they are relatively small compared with
the sensible exhaust heat, but they can easily be added.

For the present model, we assumed that the rate-
limiting steps are first order with respect to gas concen-
trations and adsorption site coverage. We further
assume that there are two distinct reversible adsorption
steps involving each adsorbing species A of interest and
a competing adsorption process for H,O according to

A+ Sp — A—Sa (1)
H,O + Sp <« H,O — S (2)

Net adsorption and desorption rates for the above pro-
cesses are then determined as

= kg, /Call = 04-5, — Omo-s,)tb4
_kA—SA,beA*SAlr[/A (3)

Ry-s,
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Rio-s, = ky,o-s, /Crmo(l = 04-s, — Omo-s,)th4

_kHZO,SA’b9H20—SA lpA (4)

where C is the gas-phase concentration of the adsorb-
ing species, Cp,o is the gas-phase concentration of
water, and 04_g, and Oy,0_s, are the fractional cov-
erages of the adsorbing species and water respectively
on the available sorbent sites. The parameter ¢ 4 is the
total adsorbent storage capacity per unit catalyst vol-
ume, which was already known from our HC experi-
ments. We assume that the forward (adsorbing) rate
constants k, ¢ - and ky , ¢ . and backward (deso-
rbing) rate constants k, ¢ , and ky, ¢ , have
Arrhenius relationships with temperature (i.e. k =
ko e E4/RT where k is the pre-exponential factor and
E 4 is the activation energy).

At this stage, we do not attempt to account for any
mass transfer effects (associated with the rate constants
transport of species between the bulk gas and sorbent
surface or within the sorbent itself), although these can
be readily added in the future if they are found to be
important. The above assumptions based on adsorption
and desorption kinetics alone are similar to those pro-
posed by other researchers.”*2® In general, we expect
that water competition with the key adsorbing species is
likely to be important since the water affinity of many
typical sorbents is high and the water concentrations in
the engine exhaust are typically not less than 8 mol %.

As an initial guess, we assume that the activation
energies for both forward adsorption steps are effec-
tively zero, which is consistent with some other stud-
ies.”*** With this assumption, it is still necessary to
specify the pre-exponential factors for both the adsorp-
tion steps and to specify the pre-exponential factors and
activation energies for both the desorption steps in order
to simulate the adsorption dynamics. Using the experi-
mental measurements for HC adsorption described
above, we estimated the rate parameter values summar-
ized in Table 1. While these kinetic parameter values
give good agreement with our measurements as illu-
strated in Figure 3, they should still be considered pre-
liminary since they are based on a rather limited number
of experimental data. In particular, it is likely that utili-
zation of the coverage-dependent activation energies will
be useful, as it has been for modeling ammonia adsorp-
tion in selective catalytic NO, reduction.?’

Only a very limited number of data are available in
the literature for estimating the kinetics of NO,

Table I. Kinetic parameters used for simulating passive HC
adsorption.

Rate constant Pre-exponential Activation energy

(unit) factor (mol/m3 s) (J/mol)
AT 0.94 , 0 X
C3He—Snc, b 1.002 X 10 135.37 X 10

’ -3
_ 1.256 X 10 0
H20—Shc, f o 3
Hy0—Shc, b 1.0X 10 825X 10

Table 2. Kinetic parameters employed for simulating passive
NO adsorption.

Activation
energy (J/mol)

Rate constant (unit) Pre-exponential

factor (mol/m? s)

Kinetic set | kNO—$o,.f  1-19 0
NO_sw.b 65X 10° 69.81 x 10°
[1-0.18
(GNO*SNOX
+ OHZO*SNOX )]
Ko so,.f  13:95% 1077 0
o S5 10X 10" 139.62 X 10°
Kinetic set Il kNO—SNoX'f .19 0
NO_sv.b 65X 10° 69.81 X 10°
H20—Sno, . f 0 0
H0-Suo b O 0
Kinetic set Il kNO*SNOX-f .19 0
NO_Sv.b 65X 10° 69.81 X 10°
HO Siof  13:95X1073 0 ,
ho-sw.p 10X 10 139.62 X 10

adsorption by transition metal oxides, and we were
unable to obtain confirmed experimental measurements
of these materials for this study. Instead, we decided to
investigate the sensitivity of NO, trapping (focusing on
just NO for now) to the assumed sorbent properties
using the general model described earlier. We accom-
plished this by defining three different combinations of
pre-exponential factors and activation energies associ-
ated with NO desorption (Table 2) to obtain some
sense of how these parameters affect the trapping per-
formance predicted by the model. As illustrated in
Figure 4, our choice of these parameters causes the pre-
dicted NO breakthrough profiles to exhibit three dis-
tinct shapes. When there is competition with H,O
(kinetic sets I and IIT in Table 2), the breakthrough
profiles exhibit bimodal shapes that reflect peaks in the
NO release rate at two different temperatures. When
the coverage-dependent activation energy for NO
release is not included (kinetic sets II and III), the

500 500

400 - - 400
NO Inlet O
R g
2300 E Temperature - 300 2
g S
£ ®
% @
9200 - Kinetic setll [ 200 o
£
/ e

100 - /\ - 100

0 = T T T "% T \'| 0
0 10 20 30 40 50 60 70
Time (s)

Figure 4. Simulated NO, breakthrough curves for the fixed-
bed sorber with three different sets of assumed kinetic
parameters.

NO,: nitrogen oxides.
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dominant part of NO release is shifted to a higher tem-
perature, reflecting the fact that NO becomes more
strongly bound. Removing the competitive adsorption
of water (i.e. kinetic set II) also tends to increase the
temperature at which NO is released as well as increas-
ing the effective NO storage capacity.

Vehicle simulations with passive
adsorption after-treatment

After characterizing the breakthrough behavior of our
HC and NO sorbent models, we simulated the expected
emissions performance of both an HEV and a PHEV
equipped with passive sorbers and operating under
hybrid drive cycle conditions. We made the simulations
using the PSAT with specified vehicle configurations
based on the 2004 Toyota Prius drivetrain. The 1450 kg
HEYV configuration included a 1.5 1 gasoline engine and
a 1.3kWh battery. For the HEV simulations, we
assumed a charge-sustaining management strategy to
eliminate off-board charging of the battery. As reported
elsewhere, the baseline simulation of this HEV over a
Urban Dynamometer Driving Schedule (UDDS) cycle
(initiated with a cold start at 20°C) gives excellent
agreement between the predicted and experimentally
measured fuel economies (30.33km/l and 30.30 km/1
respectively).”!

For our PHEV simulations, we increased the battery
capacity to 5.0 kW h and used a modified charge deple-
tion control strategy.?’ The charge depletion mode
allows the PHEV to use primarily the electrical energy
until a power threshold is exceeded, which minimizes
engine operation and fuel consumption. Since the
PHEV battery is larger, the mass of the vehicle was
increased to 1542 kg based on suggested literature val-
ues.”’ A baseline comparison of the fuel economy of
this simulated PHEV (62.9km/l) also compares well
with experimental measurements (63.1km/l), as
reported elsewhere.”® As might be expected, the PHEV
operates mostly in the electric mode for the entire cycle
because the battery provides all the needed power
except during occasional heavy-load conditions.
Consequently there are multiple periods where engine
shutdown leads to exhaust temperatures below 200 °C,
as reflected in the engine-out temperature and speed
traces in Figure 5.

In all our simulations, we assumed that both the
HEV and the PHEV were equipped with a two-stage
2.2 1 (total) three-way catalytic converter. For simula-
tions with passive adsorption, we assumed that a 0.67 1
adsorber device was installed midway between the 1.11
TWC stages, as illustrated in Figure 6. The simulated
adsorber device was also assumed to have the proper-
ties of a wash-coated cordierite monolith with a cell
density of 400 cells/in? and a void fraction of 0.7.
Based on the literature values, the storage capacities of
HC and NO sorbents were assumed to be 1.5mmol/g
for C3H¢” and 0.80mmol/g for NO' under dry

0.25 200
) - Experiment -
X0.20 - Simulation || 160<
.S — Vehicle Speed §,
20.15 - 1200
£ 3
= o
£0.10 - - 80 O
o 2
o L
§ 0.05 - -40 5
m >

0.00 - -0

0 200 400 600 800 1000 1200 1400
Time (s)
(a)
o 600
— Experiment
Simulation

B a

o (=]

o o
I

w

(=}

o
I

| A *IM\A\P\

Cold
Starts

Engine-out Temperature (°C)

0 200 400 600 800 1000 1200 1400
Time (s)

(b)

'H m

0 200 400 600 800 1000 1200 1400
Time (s)

(©)

5000

— Experiment

iy

o

o

o
I

Simulation

3000 -

2000 -

Engine Speed (rpm)

-

(=3

(=3

o
I

Al
m

Figure 5. Comparison of the predicted and experimental fuel
consumptions, engine exhaust temperatures, and engine speeds
for the simulated Toyota Prius PHEV operating over a UDDS
cycle (beginning with a cold start at 20 °C).

conditions. This is consistent with ;- and ¢y, values
of 180mol/m® and 60mol/m’ respectively. The TWC
model used in this study was the same as the model
that we published previously.?!

Figure 7 and Table 3 summarize the predicted impact
of a PHEV HC trap with the experimental sorbent char-
acteristics (for C3Hg) described earlier. The presence of
the trap reduces cumulative tailpipe HC emissions by
68% from 0.052 g/km to 0.016 g/km. This difference is
due largely to the adsorber’s trapping of the engine-out
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Figure 6. Conceptual schematic diagram of the two simulated configurations for the after-treatment system (with and without the
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Figure 7. Simulated PHEV HC emissions with and without a
passive adsorber operating over a UDDS cycle starting at 20 °C.
HC: hydrocarbon; TWC: three-way catalyst.

HC emissions during the first 200s of the drive cycle.
Moreover, after the first 600s, there are also multiple
engine restarts in which the adsorber is also effective.
These effects are revealed in a different way in Figure 8,
where the stored HC levels are depicted at different
locations within the trap. Interestingly, at 250s the
adsorber-equipped PHEV briefly has a high HC slip at
the tailpipe (Figure 7(b)). This is due to a very rapid HC
desorption as the adsorber temperature increases to
more than 350 °C (Figure 9).

The HEV simulations with the passive HC adsorber
reveal some interesting differences from the PHEV
simulations. As illustrated in Figure 10 and Table 3, the
tailpipe emissions of HCs are still substantially reduced
(0.033 g/km compared with 0.059 g/km without the
adsorber), but the percentage emission reduction
achieved by using the adsorber is less than for the
PHEYV (44%). One factor behind this difference appears
to be the occurrences of an even larger HC desorption
spike at 200 s (see Figure 10(b)). This spike is driven by
a dramatic temperature increase from 150 °C to 600 °C,
which does not happen for the PHEV (Figure 11).

As explained above, for our simulations of NO trap-
ping in the HEV and the PHEV, we focused on reveal-
ing the impact of changes in the key sorbent
parameters. Figures 12 and 13 compare the resulting
engine-out, untrapped tailpipe, and trapped tailpipe
NO emissions profiles, and Table 4 summarizes the
cumulative NO,. emissions. The results show that the
NO tailpipe emissions can potentially be reduced by
28-48% for the HEV and by 26-32% for the PHEV,

Table 3. Summary of the simulated cumulative HC emissions from the HEV and the PHEV.

Vehicle Engine-out HC (g/km) Tailpipe HC (g/km) with 2.2 1 TWC Tailpipe HC (g/km) with TWCs and adsorber
PHEV 0.089 0.052 0.016
HEV 0.231 0.059 0.033

HC: hydrocarbon; TWC: three-way catalyst; PHEV: plug-in hybrid electric vehicle; HEV: hybrid electric vehicle.
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g
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for the range of assumed kinetic parameters. Also, the 2
PHEYV tailpipe emissions appear to be suppressed more E 20
effectively than those from the HEV. w
The responses to the NO parameter changes also £10 1
illustrate how the surface coverage effects and competi- ! M M f\ M\M n Nhﬂ h m M h
tive water adsorption modify the effective NO trapping 0 ' ' ' ' '
performance. In Figures 12 and 13 and Table 4 we 0 200 400 6‘?iome ?s%o 1000 1200 1400
observe that the overall NO trapping performance in )

both vehicles improves progressively as we advance
among kinetic parameter sets I, II, and III. Kinetic
parameter set II (no surface coverage term and no
water competitive adsorption) achieves the best perfor-
mance of the three different case studies, and kinetic
parameter set III (no surface coverage term and inclu-
sion of water competitive adsorption) also gives a bet-
ter overall performance than does kinetic parameter
set I. Thus it appears that the delayed NO release pro-
files illustrated in Figure 4 results in better TWC per-
formance during the cold-start process. This result
appears to imply that coverage-dependent adsorption

Figure 10. Simulated HEV HC emissions with and without an

HC adsorber over a UDDS cycle starting at 20 °C.
HC: hydrocarbon; TWC: three-way catalyst.

of NO is likely to have a negative effect on the trap-
ping performance, and competitive water adsorption
can notably degrade the NO adsorption and TWC per-
formance. However, the NO trapping could still be
possibly beneficial if it is appropriately matched to the
NO kinetic parameters.
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Figure 12. Transient engine-out, untrapped tailpipe, and
trapped tailpipe NO emissions profiles for the PHEV simulation
with the sensitive sorbent parameters: (a) kinetic set I; (b)
kinetic set II; (c) kinetic set Ill.

NO,: nitrogen oxides; TWC: three-way catalyst.

and NO kinetic parameters were set at the values sum-
marized in Table 1 and Table 2 (kinetic set I) res-
pectively. The cumulative tailpipe emissions are
summarized in Table 5. Figure 14 show examples of
the impact of NO sorbent loading on the tailpipe
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Table 4. Summary of the simulated cumulative NO, emissions from the HEV and the PHEV with different assumptions concerning

the kinetic parameters.

Vehicle Engine-out Tailpipe NO, (g/km) Tailpipe NO, (g/km) with TWCs and adsorber
NO, (g/km) with 2.2 | TWC
Kinetic set | Kinetic set Il Kinetic set Ill
PHEV 0.266 0.077 0.056 0.040 0.052
HEV 1.101 0.116 0.086 0.079 0.082

NO,: nitrogen oxides; TWC: three-way catalyst; PHEV: plug-in hybrid electric vehicle; HEV: hybrid electric vehicle.

Table 5. Summary of the simulated impact of the HC and NO, trap storage capacities on the cumulative HC and NO, emissions.

Vehicle Tailpipe HC (g/km) Tailpipe HC (g/km) Tailpipe NO, (g/km) Tailpipe NO, (g/km)

with TWCs and adsorber?® with TWCs and adsorber® with TWCs and adsorber?® with TWCs and adsorber®
PHEV 0.016 0.011 0.056 0.050
HEV 0.033 0.031 0.086 0.078

HC: hydrocarbon; TWC: three-way catalyst; PHEV: plug-in hybrid electric vehicle; HEV: hybrid electric vehicle.

*Yic and o, are 180 mol/m? and 60 mol/m? respectively.

bl/;,_,c and iy, are 270 mol/m? and 120 mol/m? respectively. Kinetic parameter set | in Table 2 is used for the NO, simulation.
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Figure 14. Impact of NO sorbent loading on (a) PHEV and (b)
HEV tailpipe emissions during the first 400 s of a UDDS cycle
starting at 20 °C.

NO,: nitrogen oxides; TWC: three-way catalyst.

emissions release profiles during the first 400s of a
UDDS cycle. From these it appears that doubling the
sorbent capacity is indeed beneficial, but the benefits

are somewhat limited. A higher storage capacity
increases the amount of emissions that can be trapped,
but the storage capacity alone has little effect on the
temperature at which desorption peaks. Thus it appears
that the dependence of the desorption rate on the tem-
perature (as determined by the desorption activation
energy) is perhaps a more critical property.

We note finally that, in all the discussed simulations,
there is no change in fuel consumption or engine opera-
tion, because the adsorber is implemented in a com-
pletely passive operating mode. The presence of the
adsorber does slow the temperature response of the
downstream sections of the TWC, as illustrated in
Figures 9 and 11. Thus, we expect that it will be impor-
tant to minimize the adsorber thermal mass to prevent
adverse effects on the TWC performance.

Conclusions

Utilizing a simple adsorption and desorption model for
simulating a passive HC and NO, exhaust trapping
device on an HEV and a PHEV, we observed the
following.

1. Both the HC and the NO, tailpipe emissions can
potentially be reduced several fold with the appro-
priate combination of the sorbent properties.
These improvements should be possible without
suffering significant fuel penalties or requiring
major changes in engine operation.

2. The relative impact of passive trapping on the
emissions depends heavily on the sorbent proper-
ties, especially those which control the tempera-
tures at which adsorbate desorption begins and
reaches its peak rate.
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3. The performance impact of passive adsorbers also
depends heavily on the drive-cycle-dependent tem-
perature swings. Larger benefits may be possible
for PHEVs, where such swings are likely to be
smaller in magnitude.

4. It appears advantageous to minimize the thermal
inertia of passive trap devices in order to minimize
the subsequent delay that can occur in catalyst
heat-up and light-off.

5. Additional studies are needed to identify promising
candidate sorbent materials and to quantify their
physical properties and kinetic rate parameters.
Information about potential NO sorbents appears
to be especially limited.
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Appendix |

Notation

A adsorbing species of hydrocarbons or
nitric oxide

Cpg specific heat of the exhaust gas (J/kg K)

Cps specific heat of the solid wall (J/kg K)

Cy gas-phase concentration of the adsorbing
species A (mol/m?)

C; gas-phase concentration of species
i (mol/m?)

Dy characteristic diameter of the adsorber
channel flow (m)

E, activation energy (J/mol)

G, external heat transfer surface per volume
(m™ 1)

G surface area per volume of the monolith
(m")

h, heat transfer coefficient between the
ambient atmosphere and the catalyst (W/
m? K)

hg laminar-flow heat transfer coefficient (W/
m? K)

k reaction rate constant (mol/m? s)

ks thermal conductivity of the solid wall (W/
m K)

ko pre-exponential factor (mol/m? s or mol/
m?s)

Tilg exhaust-gas mass flow rate (kg/s)

Nu Nusselt number

Pr Prandtl number

R universal gas constant = 8.314 J/mol K

R¥ k-step chemical reaction rate (mol/m? s)

Re Reynolds number

S frontal surface area in the converter (m?)

Sc Schmidt number

Sh Sherwood number

t time (s)

T temperature (K)

T, ambient temperature (K)

T, exhaust-gas temperature (K)

Ty solid-wall temperature (K)

Uy exhaust-gas velocity (m/s)

z moving direction of the flow (m)

o stoichiometric coefficient of species i in
the k-step chemical reaction

AH* heat generated at the k-step reaction
(J/mol)

€ void fraction of the monolith
(dimensionless)

04_s, coverage of A on the species A storage
sites (dimensionless)

Or,0-s, coverage of water on the species A storage
sites (dimensionless)

ONO—Syo, coverage of nitric oxide on the nitrogen
oxide storage sites (dimensionless)

0m0-sv,,  coverage of water on the nitrogen oxide
storage sites (dimensionless)

Pq mass density of the exhaust gas (kg/m?)

P density of the solid wall in the catalyst
(kg/m’)

Uy storage capacity of the adsorbing species
(mol/m?)

Yue hydrocarbon storage capacity (mol/m?)

NO, nitrogen oxide storage capacity (mol/m?)

Superscripts

k k-step chemical reaction

Subscripts

a ambient

A adsorbing species A

b back

f forward

g exhaust gas

i species i

s substrate

S sorbent site for species A

Appendix 2

The trap models used here were developed along the
same lines as the lean NO, trap model published previ-
ously, to account for the effect of the temperature
changes on the catalyst activity and the gas species bal-
ance.”” The gas-phase energy governing equation is
defined as

. T,
PgCpgt TS +

where p, and ¢, are the gas mass density and the spe-
cific heat respectively, ¢ is the void fraction of the
monolith, G,, is the specific surface area per volume of
the monolith, 7, is the heat transfer coefficient in a fully
developed laminar flow, u, is the exhaust-gas velocity
expressed by ug = my /p,eS , where i, is the exhaust-
gas mass flow rate, ¢ is the void fraction of the mono-
lith, and S is the frontal surface area in the converter.

The solid-phase energy governing equation can be
described as

aT,
uga—zg> — Go(T\ — Ty) 5)
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a7, 9T,
pycps(l — &) = k(1 — 8)@ + thm(Tg — T_V)

+ hGa(Ty = Ty) + Y R AH
k=1

()

where p;, ¢, and k, are the density, the specific heat,
and the thermal conductivity respectively of the solid
wall in the catalyst, T, is the ambient temperature, 4, is
the heat transfer coefficient between the ambient tem-
perature and the exterior surface of the catalyst, G, is
the specific external heat transfer surface per volume,
R* is the k-step chemical reaction rate, AH" is the heat
generated at the chemical reaction k, and L is the length
of the device.

The gas-phase
expressed as

aC; T
U, ,_:_E ‘R 7
o "o T ae™ ()

species governing equation is

where C; is the mole fraction of species i in the gas
phase and af is the stoichiometric coefficient of species
i in the k-step chemical reaction.

The exhaust flow is considered as a fully developed
laminar flow, where the heat and mass transfer coeffi-
cients in equations (5) to (7) are determined by the
Nusselt number and the Sherwood number, which are
given by

D 0.45
Nu = Nug (1 +0.095 Re Pr —”) (8)
z

D 0.45
Sh = Shy <1 +0.095 Re Sc —’7> (9)
y4

where Re is the Reynolds number, Pr is the Prandtl
number, Sc is the Schmidt number, Nuy = 3.657, and
Shog = 4.364 in the above equations.
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