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Abstract

This experimental study investigates the palladium/rhodium based three-way catalytic
converter (TWC) in a Ha - gasoline dual-fuel spark ignition (SI) engine under stoichiometric
and lean conditions. The work focused on lean-burn engine operating conditions with the aim
of reducing NOx emissions during the combustion process, where the TWC is not effective,
while improving the thermal efficiency of the engine. Under these lean-burn engine conditions,
the combustion promoting properties of H, allowed for maintained engine combustion stability
as determined by the COVimep values even up to ultra lean conditions (A=2.0). It was found that
by reducing the combustion temperature through the application of lean conditions, engine out
NOx emissions could be reduced or even eliminated, while under these conditions the TWC

was effective in reducing engine-out carbon-based gaseous emissions.

Keywords: Hz, Lean Burn, Aftertreatment, Dual-fuel, SI Engine
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1. Introduction

Decarbonisation of the transportation sector is imperative if global CO; targets are going to be
achieved. Even with optimistic projections, the global market share of electric vehicles (EVS)
will still be less than 50 % by the year 2035 suggesting that alternative low- or zero-carbon

fuels will be required to meet these targets [1].

Hydrogen (H.) as a fuel is often portrayed as the panacea for the transportation sector due to
there being no carbon-based emissions [2]. However, there are several drawbacks to the use of
pure H> combustion within an internal combustion engine (ICE). These include production (at
present most of the world's H: is produced through the reformation of fossil fuels [3]), storage
both on and offboard a vehicle, concerns of knocking, increased NOx emissions, and a lack of
public acceptance [4][5][6]. One option to assist in the decarbonisation of the transportation

sector in the medium term is the adoption of gasoline and H dual-fuel spark ignition (SI) ICEs
[2].

Previous studies have already investigated the performance of dual-fuelled gasoline and H>
engines, focusing on engine efficiency and pre-aftertreatment emissions. Pan et al. investigated
a gasoline/H2 dual-fuel SI engine with a hydrogen energy share (HES) of 20 % and reported
emissions and cylinder pressures. It was found that the addition of H> reduced combustion
duration and increased NOx emissions twofold, whilst CO and hydrocarbon (HC) emissions
were reduced by approximately 50 % and 80 % respectively [7]. This increase in NOx with a
reduction in CO and HCs for gasoline/H2 engines is well reported and found to increase as the
HES increases with several papers concluding the same [2][8]. Wang et al. reported the same
trend as the HES increased during engine start events [9]. Since the majority of NOx emissions
produced from Hz combustion are formed through the thermal NOx pathway several studies
have reported that leaner combustion, thus reducing the flame temperature can manage NOx

emissions. Du et al. reported that engine out NOx emissions from gasoline/H, combustion with
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20 % HES could be reduced from over 5,000 ppm to 1,000 ppm by operating at a lambda of
1.5[10]. Du et al. also found that both CO and HC emissions reduced at a lambda of 1.5. Results
from Wang et al. at a lambda of 1.4 were in agreement with Du et al. other than a reported
increase in HC emissions [11]. Suresh and Porpatham found that by operating at a lambda of
2.0 with a HES of 10 % the NOx emissions could be reduced by approximately 95 % [12].

Further to the effect on pre-aftertreatment emissions, the addition of H. to gasoline combustion
has been reported to act as a combustion promoter due to its increased laminar flame velocity
and wider flammability limits when compared to gasoline [13]. Elsemary et al. reported an
increase in brake thermal efficiency (BTE) as the HES was increased from 0 % to 30 % with a
reduction in BTE as the HES was increased beyond 30 % [14]. Other studies also found there
to be an optimal H> ratio for BTE of between 20 % - 30 % [8]. Yet, Niu et al. reported a
contrasting monotonic increase in BTE as the H> ratio was increased to 50 % [15]. This was
due to the Hz being directly injected, whereas studies that injected H» through port fuel injection
(PFI) suffered a volumetric efficiency reduction at HES values greater than 30 % resulting in
the drop in BTE. Further to the effect on pre-aftertreatment emissions, the addition of H; to
gasoline combustion has been reported to act as a combustion promoter due to its increased
laminar flame velocity and wider flammability limits when compared to gasoline [13]. Under
some ICE lean-burn operating conditions, BTE can be increased thus reducing CO2 emissions
[16]. Also, H2’s wider flammability limit can allow a Hz-gasoline dual-fuelled Sl engine to run

at leaner conditions than those possible with only gasoline combustion.

The current state-of-the-art aftertreatment device for gasoline ICEs is the three-way catalyst
(TWC), so called because of its ability to simultaneously convert CO, NOx and HC whilst
above the catalyst light-off temperature, with combustion taking place at or around
stoichiometry. As new combustion systems are developed, new aftertreatment systems will
need to be developed to meet emission regulations. Whilst pre-aftertreatment emissions have
been widely reported, a gap has been identified in the literature for the application of catalytic
aftertreatment systems to gasoline/H> dual-fuel ICEs. Therefore, this work investigates a
modern TWC under dual-fuelled gasoline-H> ICE operating under stoichiometric and lean
engine conditions to understand the applicability of the TWC to this future combustion system.
The novelty of this work is provided by the focus on combining a lean-burning gasoline-H>

engine with a modern catalytic aftertreatment system.
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2. Methodology
2.1. Experimental setup

For this experimental study, work was conducted using a modern gasoline direct injection
(GDI) SI engine (details in Table 1). The engine was modified to feature injection of H>
(industrial purity) into the intake manifold. The injection strategy of the dual fuel engine set up
required using the engine’s direct injectors to inject gasoline with the injection timing set to -
267 CAD aTDC whilst the flow rate of H2 was controlled with a calibrated H2 volumetric flow
meter. The TWC provided by Johnson Matthey PLC was located in a close coupled catalyst
(CCC) location in keeping with modern trends. The TWC featured a cordierite monolith with
600 cpsi and a total platinum group metal (PGM) loading of 30 g/ft® with a ratio of palladium
to rhodium of 23:7. Before testing, the TWC was de-greened in a furnace at a temperature of
600 °C.

Table 1. Test engine specification.

Parameter Specification

Number of Cylinders 3

Compression Ratio 11:1

Swept Volume 15L

Bore 84 mm

Stroke 90 mm

Rated Power 134 kW @ 6000 rpm
Rated Torque 240 Nm @ 1600-4500 rpm

Emissions measurement before and after the TWC for NOx, CO, HCs, CO2, H20, N20 and NHs
were taken using an MKS 2030 Fourier transform infrared (FTIR) spectrometer. For H>
emissions, a V&F HSense electron impact ionisation mass spectrometer (EIMS) was used. The
TWC was also instrumented with k-type thermocouples to measure inlet and outlet gas
temperatures and the monolith temperatures on the inlet and outlet face. Engine control and
data were logged using ATI Vision software whilst combustion was analysed using an in-
cylinder pressure transducer and crank angle encoder. The schematic for the test set up is shown

in Figure 1.
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Figure 1. Engine test schematic set up.

2.2.  Testing methodology

All tests were conducted at steady-state (speed/load) engine conditions as shown in Table 2.
The engine torque was kept at 40 Nm and the engine speed at 2000 rpm while the lambda was
varied between 1.0 and 1.2 for the baseline gasoline 0% HES and between 1.0 and 2.0 for the
12% HES dual-fuel combustion. This was decided based upon the combustion stability which
was monitored using the cycle-to-cycle variation (COVimep). This was maintained at less than
5% as variation in engine operation greater than this will negatively impact engine life and may
cause fluctuations in combustion/performance that will inhibit the focused study of TWC
performance. The engine lambda was adjusted automatically by the ECU through adjustment
of the injection duration and throttle angle in order to increase air flow and maintain engine

brake torque.

Table 2. Engine testing conditions.

Engine Speed / rpm Engine Load / Nm H: Energy Ratio / % Lambda / [-]
2000 40 0 1.0-12
2000 40 12 1.0-20

The experiments started by using only gasoline and then dual-fuelled H>-gasoline operation was
adopted to study the effect of H> on emissions and engine performance. The properties of the

fuels used in this study are reported in Table 3.
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Table 3. H, and gasoline fuel properties [2] [17][18].

Properties Hydrogen Gasoline Unit
Chemical Formula Hz CiH1r -

Molecular Weight 2 100-114 g/mol
Density 0.08 737 kg/m?®
Auto-ignition Temperature 585 371 °C

Minimum Ignition Energy 0.02 0.25 mJ

Lower Heating Value 120 43.44 MJ/kg
Stoichiometric Air-Fuel Ratio  34.2 14.7 kg air/ kg fuel
Quenching Gap @ NTP 0.64 ~2 mm
Flammability Limits 4-75 (lean to rich) 1.4-7.6 (lean to rich) % vol.

During this study, the HES was maintained at 12%. After H> injection, the lambda could be
extended to 2.0 due to the wider flammability limits of H>. The 12% HES combustion did not
require any major hardware adjustments to the engine meaning that these results are applicable
to commercial engines currently on the market. Lean combustion was studied due to the reduced
fuel consumption at these conditions providing real world CO; savings. In order to make a
comparison between the two combustion set ups and lambdas the MFB50 was maintained at
between 3 and 4 CAD aTDC. This was achieved by adjusting the spark timing.

2.3. Calculation of COVimep

In order to maintain engine durability, the combustion stability was monitored through the
COVimep. This was calculated over 200 cycles. The COVimep Was calculated as per Equation 1.
The threshold value for an acceptable COVimep Was selected as 5%. This was because this value
is the threshold for which it would become noticeable for the driver. It will also prevent damage

to the engine due to the unstable operation at COVimep Values higher than this.

stdevimep
COVipep = ———— x 100
imep
Equation 1. Coefficient of variance for IMEP.
Johnson Matthey Technol. Rev., 2024, 68, (3), XxXX-yyy Page 6 of 24
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2.4. Calculation of TWC conversion efficiency

TWC performance was quantified by calculating the conversion efficiency. This was done
using the gas concentrations measured at the inlet and outlet of the TWC. These were then used
in Equation 2 for each emissions species to obtain the percentage of conversion achieved.

Conc-inlet_ Conc-outlet

Nconversion = x 100
Conc.jplet

Equation 2. Catalyst conversion efficiency.

2.5. Calculation of heat release rate

Heat release rate (HRR) was calculated based on the in-cylinder pressure measurement with
respect to the crank angle degree. This was sampled using an in-cylinder pressure transducer
and crank angle encoder. These were then converted to HRR with respect to crank angle degree
using Equation 3 [19].

d dv 1 dP

dQ - P—+—V—

d y—-1 do y—1 do
Equation 3. Calculation of heat release rate (%) from in-cylinder pressure (P) and in-cylinder volume (V).

2.6. Calculation of brake thermal efficiency and brake specific fuel consumption

The BTE and brake specific fuel consumption (BSFC) were calculated using the brake power
of the engine and the energy input to the engine from both the gasoline and the H,. These are
both shown in Equation 4 and Equation 5 respectively. In this case, m is the mass flow rate

(g/h), LHV is the lower heating value (kJ/g) and W is the engine brake power (KW).

Wbrake
(mgasoline LHVgasoline) + (rhhydrogen LHVhydrogen)

NBTE =

Equation 4. Calculation of engine brake thermal efficiency for dual-fuel operation. In the case of pure
gasoline operation, the mass flow rate of hydrogen was zero.

m asoline + 1’hh drogen
BSFC = —2 yooe

Wbrake

Equation 5. Calculation of brake specific fuel consumption for dual-fuel operation. In the case of pure
gasoline operation, the mass flow rate of hydrogen was zero.
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3. Results and Discussion
3.1. Combustion analysis

Figure 2 shows a comparison between 0% HES (dashed lines) and 12% HES (solid lines) for
in-cylinder pressure (a) and HRR (b). For each lambda, the substitution of gasoline for Hy
caused an increase in peak cylinder pressure when compared to 0% HES. These increases in
maximum pressure were 1.1, 1.8, and 2.0 bar, corresponding to a 3.6, 6.0, and 6.6 % increase
in peak firing pressure at lambda 1.0, 1.1, and 1.2, respectively. This trend of increased peak
cylinder pressure was amplified as lambda increased for the same HES. This was an effect of
the increased intake manifold pressure resulting from the increased throttle angle the engine
operated at to achieve the leaner combustion. This was evident for both 0 % HES and 12 %
HES. The combustion process of the 12 % HES was advanced when compared to that of the 0
% HES at all lambda values. This was due to the combustion properties of Hy, specifically its
lower minimum ignition energy and higher flame speed [20]. The addition of H> accelerated
combustion, allowing more fuel to be burned in a shorter period, thereby releasing more energy

in the same period.

The HRR (Figure 2b) shows that as lambda increased from 1.0 to 1.2 for the baseline 0 % HES
case, the HRR and maximum heat release point (HRRmax) increased due to the combustion
advance. This corresponds to the increase in the peak in-cylinder pressure. The HRR also
showed a different trend for the 0 % HES and the 12 % HES. During the initial stages of
combustion (-10 to -5 CAD aTDC) as shown in the zoomed section of Figure 2b, the 12 % HES
HRR increased at a quicker rate than when compared to the 0 % HES. Then, after this initial
increase in HRR for the 12 % HES it reduced, and the 0 % HES HRR caught up. This is most
likely due to the available H> burning during the initial stage from -5 CAD aTDC to -10 CAD
aTDC.
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0 % HES
12 % HES

In-cylinder Pressure (bar)

HRR (J/deg)

-30 -20 -10 0 10 20 30
Crank Angle (deg)

Figure 2. In-cylinder pressure (a) and heat release rate (b) with respect to the crank angle for 0% and
12% HES, for each lambda tested from 1.0 to 1.2. Please note that the negative HRR seen close to -20
CAD aTDC was related to noise from the spark signal.

Early heat release dominates for temperature rise effects. Therefore, it can be expected that the
in-cylinder temperature was higher for the 12 % HES combustion. In addition to the earlier
increase in HRR for the 12 % HES there was a reduction in combustion duration. This is evident
in Figure 2b where the HRR curves reduce sooner compared to the 0% HES combustion. This
was since H burns faster and earlier due to the relatively quicker flame speed and higher
diffusivity of Hz respectively. Knocking was avoided by maintaining the angle of MFB50

constant through adjustment to the spark timing.
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20 30

Figure 3./In-cylinder pressures (a) and net heat release rate (b) with respect to the crank angle for 12%
HES at lambda values between 1.0 to 2.0. Please note that the negative HRR seen between -20 and -30
CAD aTDC was related to noise from the spark signal.

For reasons of engine stability, it was not possible to extend the operation of the engine using

gasoline alone to conditions beyond lambda 1.2. In order to overcome this, the ability of H, to

extend the flammability of these mixtures allowed for lean combustion beyond a lambda value

of 1.2. Figure 3 shows in-cylinder pressure and HRR for lambda values 1.0 to 2.0 for 12 %

HES. This allows for understanding of the effect of excess Oz on the combustion of the mixture.

As the mixture became leaner, the maximum in-cylinder pressure increased from 30 bar under

stoichiometric conditions up to almost 38 bar at a lambda of 2.0. This was most likely a

Johnson Matthey Technol. Rev., 2024, 68, (3), XxXX-yyy
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combination of the advanced combustion enforced through the advancing of the spark timing
to maintain MFB50 for each lambda, and the increase in intake manifold pressure at higher
lambdas as discussed previously. It can be observed in Figure 3b that for lambda values of 1.8
and greater that the HRR occurred very early (before TDC) due to the advancement in spark
timing to maintain the same MFB50. This is also reflected by the earlier in-cylinder pressure
rise in Figure 3a. As a result, the subsequent expansion from the combustion process was
inhibited leading to a reduction in combustion efficiency.

Figure 4 shows the COVimep. Generally, a maximum COV of 5 % is accepted as an indication
of stable combustion [21], [22]. The COVimep for the 0 % HES tests were higher than the 12 %
HES tests under all lambda values tested, even with the same combustion phasing. This was
due to the combustion enhancing properties of Hz which reduced the cycle-to-cycle variation
[20]. Even at a lambda value of 1.0 the combustion enhancing properties of H2 could be
observed by the reduction in COVimep. For the 0 % HES experimental condition, the COVimep
reached 8 % for a lambda value of 1.2. As a result, the engine was not operated any leaner than
this. Comparing the 12% HES combustion to the pure gasoline there was a clear improvement
in combustion stability. This was due to the combustion enhancing properties of Hz such as its
high flame speed and wide flammability range which is reported elsewhere [23]. This also
allowed combustion to continue to a lambda value of 2.0 whilst still maintaining a COVimep of
2 %.

9 —A— 0% HES --A-- 12% HES
8
7
~ 6
S
= 5
£
> 4
Q
o 3
2 L
-k AT Ak
1 fpe==l=c==l==1 . _ &
0
1 11 12 13 14 15 16 17 18 19 2
Lambda (A)

Figure 4. COVimep from a lambda value of 1.0 to 2.0.
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3.2. Performance Analysis

Lean operating conditions have been reported to improve BTE [24]. Figure 5a plots BTE with
respect to lambda for both 0 % and 12 % HES. There was an increase in BTE of approximately
2 percentage points as lambda increased from 1.0 to 1.2 for the 0 % HES condition. This
improvement in efficiency as lambda increases is well defined and linked to the reduction in
combustion temperature reported with leaner flames limiting the temperature gradient between
the combustion mixture and the cylinder walls [24]. This will result in a reduction of heat losses
that allows for the extraction of more useable work from the fuel. Furthermore, as lambda was
increased by opening the throttle to a larger angle there was a reduction in the pumping losses
and an increase in volumetric efficiency. However, increasing lambda for the 12 % HES only
resulted in a limited increase in efficiency of 0.1 percentage points as lambda increased from
1.0 to 1.2. This smaller increase was linked to the difference between port and direct injection.
As the Hz was port injected, the increase in efficiency afforded by the increased throttle opening
was somewhat offset by the fact that the H> present in the intake manifold displaced some of
the air. Yet, in the case of the directly injected gasoline, the increase in throttle angle related to
a pure increase in volumetric efficiency. This was also reported by Gultekin et al. where
negative effects on the volumetric efficiency for port injected H, ICEs were reported for HES
ratios of 14 % or higher [25].

Thermal Efficiency (%)

35 350
a) b) —A— 0% HES
2 220 --A-- 12% HES
A -A-A
ca A Ak Ak
4--&——"‘* 4 —_ \\‘
31 < 290
2
S
29 L 260
(9p]
/ ”
A--A-h--p-h-p -4
Ak -A-A
21 — A 0% HES 230
--A-- 12% HES
25 200
1 1.2 1.4 1.6 1.8 2 1 1.2 1.4 1.6 1.8 2
Lambda (A) Lambda ()

Figure 5. Brake thermal efficiency (a) and BSFC (b) values with respect to the lambda for the 0% and
12% HES test conditions.

When comparing the BTEs of 0 % and 12 % HES operation there was an increase of

approximately 5 percentage points. This increase was a result of the improved combustion

Johnson Matthey Technol. Rev., 2024, 68, (3), XxXX-yyy Page 12 of 24
Doi: 10.1595/205651324X17054113843942




Millington_06a_SC ACCEPTED MANUSCRIPT 10/01/2024

properties of H, as discussed above leading to a reduced combustion duration/faster heat
addition and therefore acting closer to the ideal thermodynamic cycle. It was also clear that the
addition of H> improved BSFC. This was the effect of the increased BTE and higher energy
density of Hz per unit of mass meaning that less H2 was required for the same fuel energy input

to the system. This will lead to a reduction in mass based BSFC [26].
3.3. Emission Analysis

3.3.1.Engine-out Emissions

The use of H2 to extend the lean combustion limit of the engine is of interest as it will also assist
in the decarbonisation of the transport sector. By operating the engine at leaner conditions, it
was possible to reduce the engine out CO flow rate. Furthermore, the engine out emissions will
vary based on the combustion in the cylinder which is greatly affected by the lambda value.

These are shown in Figure 6 for a comparison between the 0 % and 12 % HES.

m(0% HES £12% HES m (% HES 012% HES

=)
Ln
=]

120

200

CO Flow Rates (g'h)
"
&

NOy Flow Ratess (g/h)

1.1 1.2

11

Lambda (1) Lambda (1)
0% HES O12% HES m0%HES Oi2% HES

40 8
2 35 =
= 30 <6
L oz &
% 25 £
% 20 2 4
5 s g
e 15 ey
Y 10 o 2

5

1.0 11 1.2

Lambda () Lambda (i)

Figure 6. Engine out emissions concentrations for CO, NOx, HC and Ho.

There was an observed reduction in CO and HC flow rates for the 12% HES case. This was a
result of the reduced carbon content of the fuel. This reduction in CO and HC emissions was
greater than the percentage reduction in fuel carbon content. This was a result of the combustion
promoting properties of H> which increased the combustion efficiency therefore reducing CO
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and HC further than just from the carbon replacement. As lambda increased there was a
reduction in both CO and HCs for 0 % and 12 % HES. The effect on CO was greater than the
effect on HCs. The reduction in CO and HCs as lambda increased was a result of the increased

02 availability assisting in the complete oxidation of the fuel.

The addition of Hz has both physical and chemical effects. The physical effect is due to the
properties of Hy. The higher adiabatic flame temperature of H» increases the combustion
chamber temperature, thereby increasing combustion efficiency and reducing unburned fuel. In
addition, the amount of unburned gasoline on the inner wall surfaces of the cylinder will be
reduced by the presence of H> due to the smaller flame quenching distance. The consumption
of fuel begins with the H. abstraction reaction. This is shown in Eq. 6 where RH represents a
generic gasoline molecule, M represents an abstracting element from the pool of radicals e.g.

OH and R- represents an alkyl radical.
RH+M—>R-+M+H- Eq. 6

It can be noted that an alkyl radical is formed from Eq.6Error! Reference source not found..
This then enables the sequence of reactions that trigger the combustion process at low
temperature (primary O2 addition, isomerization, secondary O, addition, etc.) [27]. The
increase in temperature, together with the supply of Hz, promotes the appearance of OH radicals

as was shown by Fu et.al [28]. These are shown in Eq. 7 to Eq. 10:
H+M —2H - +M Eq. 7

It is possible that any Ha present in the combustion chamber could be dissociated and turned
into two He radicals through impact with a third body (represented by M) as per Eq. 6. This He

radical can then lead to the formation of a hydroperoxyl radical (HO2¢) as per Eq. 8.
H-+02+M — HO2- + M Eq. 8

The hydroperoxyl radical can then partake in the formation of hydroxyl radicals (OH¢) which
are the main radicals that will abstract H from the HC as shown in Eqg. 6. This is done through
Eq. 7. Furthermore, hydroxyl radical formation can also take place through the reaction of the
He radical with any H>O present (Eq. 8). The increase in Hz concentration for 12 % HES will

assist this process further and reduce the HC emissions and improve combustion efficiency.

HO2- +CH3- — OH- + CH30 Eq. 7
H- + H2O — OH: + H2 Eq. 8
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There was an increase in Hz emissions from the engine for the 12 % HES case. This was
expected due to the increased concentration of H> into the combustion chamber. Large
concentrations of engine out Hz is an indication of poor combustion efficiency. For future
development of Hz ICEs reduction of unburnt Hz should be targeted. However, the presence of
H> within the exhaust gas has been reported to have a positive effect on catalytic aftertreatment
devices [29]. As lambda increased, there was a reduction in the engine out H> concentration.
This was for the same reason as the reduction in engine out CO and HC emissions. This could
be a potential control measure to manage the concentration of H, provided to any catalytic

aftertreatment systems.

The major concern regarding Hz ICE emissions is the formation of NOx. This work shows that
for stoichiometric combustion there was an increase in engine out NOx concentration for the
12 % HES case. However, this was relatively small due to the low engine load tested. According
to the literature, NOx formation in Hz-assisted combustion occurs via the thermal pathway, i.e.,
through the Zeldovich mechanism [30], [31]. N2 and O react to form nitric oxide (NO) and
atomic oxygen (O). The rate of NO and O production is faster due to the higher temperatures
generated by the presence of Hz. The NOx formation is a function of temperature and O>
availability. As a result, the NOx emissions increased when lambda was increased from 1.0 to
1.1 due to the increased availability of O>. The engine out emissions for the 12 % HES

combustion case from a lambda value of 1.0 to 2.0 are shown in Figure 7.
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Figure 7. Engine out emissions for 12% HES including CO, NOx, HC and Ha.

Engine out CO reduced substantially as lambda increased from 1.0 to 1.1. This is well
understood as the increased availability of Oz limits the amount of carbon that is only partly
oxidised to CO rather than fully oxidised to CO>. As lambda was increased beyond 1.1, there
was limited change in engine out CO emissions. This suggests that after this lambda, any further
increase in the O2 concentration present for combustion had little to no effect in oxidising all
carbon to CO». After an initial reduction in engine out HCs from a lambda value 1.0 to 1.2 there
was a monotonic increase from 1.3 onwards. This resulted from the HC species present in the
combustion. Whilst Hz2 enhances combustion, there were still local areas within the combustion
chamber beyond the lean combustion limit for gasoline where it will not combust and instead
pass through to the exhaust gases [32]. As lambda was increased towards 1.4, the HC emissions
increased beyond that of stoichiometric. This could be a potential challenge for the ultra-lean
operation of gasoline-H, dual-fuel engines. It is expected that as the HES increases the
challenge of HC emissions will be less critical.

The engine out NOx emissions can be adjusted through changing lambda. The initial increase
in engine out NOx as lambda increased from 1.0 to 1.1 and 1.2 was a result of the increased O
availability. As lambda was increased further, there was a reduction in NOx emissions due to

the reduction in combustion temperature at leaner conditions. The reduction in NOx reached a

Johnson Matthey Technol. Rev., 2024, 68, (3), XxXX-yyy Page 16 of 24
Doi: 10.1595/205651324X17054113843942



Millington_06a_SC ACCEPTED MANUSCRIPT 10/01/2024

point after a lambda value of 1.8 where NOx emissions became negligible. Operating at a
lambda of 1.8 or higher would limit the formation of NOx such that it might be possible that an
aftertreatment catalyst for the reduction of NOx may not be necessary. What the tuning of
lambda for gasoline-H> dual-fuel combustion engines could allow for would be the optimisation
of exhaust gas concentrations in order to assist catalytic aftertreatment devices in emissions

abatement.

3.3.2.Three-way catalyst performance

The regulated emissions performance of the TWC is analysed below for each of the different
lambda values tested. The effect of H, addition on the TWC performance is shown in Figure 8
for both the 0 % HES and 12 % HES cases between lambda values of 1.0 to 1.2.
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Figure 8. Comparison of TWC conversion for CO, NOx and HCs including tailpipe mass flow rate of CO2
for 0 % and 12 % HES

TWC performance was maintained for all conditions when comparing the performance of both
0 % and 12 % HES. As can be seen in Figure 8, CO and HC conversion was improved for
lambda values from 1.0 to 1.2 under 0% HES and 12% HES operation. However, whilst the
TWC converted approximately 100 % of the NOx emissions under stoichiometric conditions,

the performance under lean-burn operating conditions was poor with approximately 8 %
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conversion under 12 % HES combustion. There was improved conversion over the TWC for
operation under 12 % HES due to the increased H. availability which contributed to the
reduction of NOx [33]. The improvement in CO and HC emissions could be a result of increased
H> before the TWC. It has been reported that H> availability before the TWC can aid the
conversion of CO and HC [29].

The reduction in tailpipe CO: for the gasoline-Hz combustion was expected due to the reduction
in overall carbon content of the fuel. The combustion of the gasoline-H, mixture provided not
only improved TWC CO conversion but also reduced total CO2 emissions from the engine. The
reduction in CO2 emissions as lambda increased is well understood and documented but these
results provide evidence that further CO> reduction is possible through the combustion of leaner
gasoline-H> mixtures as the CO- concentration reduced as the lambda value was increased.
However, at leaner conditions the TWC performance was inhibited as it was not able to reduce
NOx in the highly oxidative environment presented to the TWC. As lean combustion has been
proposed as a solution towards limiting the NOx emissions from an engine fuelled or co-fuelled
with Hz the performance of the TWC was tested under these conditions. The conversion
performance for the 12 % HES experimental condition is shown in Figure 9 for lambda values
from 1.0 to 2.0.
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Figure 9. TWC conversion efficiency for CO, NOx and HCs and tailpipe CO2 concentration depending on
the lambda values from 1.0 to 2.0 for 12% HES test condition.
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The use of lean combustion for gasoline-H. dual-fuelled combustion presents a challenge for
the conversion of NOx and HCs over a TWC. NOx conversion efficiency reduced at lambda
values of 1.1 and higher as expected. This was due to the excess O available before the TWC
which oxidised the CO, H2 and HC species that are used for the reduction of NOx [34]. HC
conversion efficiency was maintained as lambda increased from 1.0 to 1.6. However, beyond
this there was a further reduction in HC conversion efficiency as the O. concentration increased
at lambda values of 1.7 or greater. This has been reported to occur in rhodium catalysts due to
the competition of O, and HCs for active sites on the rhodium [35]. The conversion of CO was
maintained across the entire lambda range with the only change being the increase in conversion
efficiency when lambda was increased from 1.0 to 1.1 as the excess Oz provided an oxidising
environment for the CO.

There was a constant drop in tailpipe CO> concentration as lambda was increased. This
demonstrates there is sufficient scope for the use of dual-fuelled gasoline-H: engines as a means
to decarbonise the transport sector in the medium term. The current TWC aftertreatment system
was sufficient for the conversion of CO. However, ultra-lean conditions require additional
measures to address NOx and HC conversion. It is a possibility that by increasing the HES that
emissions of HCs from the engine would be reduced. This will limit the demand placed on the
TWC for HC oxidation. Furthermore, at ultra-lean conditions the NOx emissions from the ICE

were very low with only 43 ppm of NOx at a lambda of 2.0.

The application of a TWC to a gasoline-H> dual-fuelled ICE shows promising results for the
emissions control of THCs and CO, at both stoichiometric and lean conditions. However, the
challenge with the application of a TWC at ultra-lean conditions is the slip of HCs. By operating
the engine at a lambda of 1.8 there is a trade-off in NOx and HC post-TWC concentrations.
This condition could be promising when considering the use of a TWC for future gasoline-H:
fuelled engines. In applications where there is increased availability for onboard H> storage the
H> energy replacement ratio could be increased further. This would also reduce the HC

emissions.
4, Conclusions

In this experimental study, a three-cylinder direct injection gasoline SI engine was operated at
various lambdas whilst studying a blend of gasoline-H> with a 12 % HES. This work aimed to

assess the applicability of current state of the art TWC aftertreatment to a gasoline-H> dual-fuel

Johnson Matthey Technol. Rev., 2024, 68, (3), XxXX-yyy Page 19 of 24
Doi: 10.1595/205651324X17054113843942



Millington_06a_SC ACCEPTED MANUSCRIPT 10/01/2024

engine at a range of different lambda conditions. Emissions of CO, NOx and HCs were all

reported whilst CO> reductions were also discussed.

The key findings have shown that the TWC is applicable for gasoline-H> dual-fuel combustion
at stoichiometric conditions and that CO conversion can be improved at a lambda of 1.0.
However, as the combustion shifted towards the lean regime there was a reduction in NOx
conversion over the TWC as expected. By shifting combustion even leaner (lambda > 1.7) it

was found that the engine out NOx concentration could be reduced to a negligible amount.

Furthermore, study of increasing the HES is suggested as an option to limit the engine out HC
emissions and place less of a demand on the TWC. There will however be a trade-off between
the practicality of storing large amounts of H2 on board a vehicle and the benefit of HC

emissions reduction.

The significance of these findings is the potential to have large CO2 emissions reduction whilst
still operating the ICE which is a well-known and understood technology that already has
significant market penetration. The abatement of emissions from this system when dual-fuelled
with gasoline and H2 will enable this technology to be taken forward through the further work

suggested on different aftertreatment solutions and investigation of increased HES.
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