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Abstract
For an efficient reduction of methane slip, a precise understanding of exhaust gas after treatment under real conditions is 
essential. Since it is not possible to produce catalytic converters in near-series geometry on a laboratory scale, it is neces-
sary to resort to significantly smaller sample catalysts. Therefore, an engine test bench was designed to ensure real operating 
conditions for such samples with the help of space velocity and temperature control. A comparison between the actual and 
reference values of the space velocity results in a small deviation of 0.1% on average. Furthermore, the pressure conditions 
at the catalyst have been measured showing a propagation of pressure oscillations from the engine outlet which in combina-
tion with the space velocity regulation show that real conditions could be applied to the catalyst sample. Subsequently, the 
exhaust gas concentrations were monitored with a Fourier transform infrared spectrometer. The catalyst material used is PdO 
on  Al2O3, common for methane oxidation. The measurements show that the  CH4 conversion is higher under lean conditions, 
but is below complete conversion. In a final comparison between purely stoichiometric operation and dithering, the course 
of the  CH4 conversion rate over the test period is examined more closely. In addition to sampling pre- and post-catalyst, the 
exhaust gas composition is measured spatially resolved within a catalyst channel using special measurement technology. In 
the temporal course of the  CH4 emissions, a stabilizing effect due to the change of the operating mode can be seen, showing 
that dithering seems to prevent further deactivation.

Keywords Methane oxidation catalyst · Engine test bench · Exhaust gas aftertreatment · Spatial measurement · CH4 · Lean 
gas engine · EGR

Abbreviations
AMA  Abgasmessanlage (exhaust gas measurement 

system)
CHP  Combined heat and power plant
COV  Coefficient of variation
CPSI  Cells per square inch
EGR  Exhaust gas recirculation
FTIR  Fourier-transform infrared
GC  Gas chromatograph
GHSV  Gas hourly space velocity
HCCI  Homogeneous charge compression ignition
IMEP  Indicated mean effective pressure
MFB50  50% Mass fraction burned
NGE  Natural gas engine
SCR  Selective catalytic reduction
URAS  Ultrarot-Absorptions-Schreiber (nondispersive 

infrared sensor)
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1 Introduction

Due to their lower carbon dioxide  (CO2) and pollutant emis-
sions and their partly higher efficiency compared to diesel 
engines, natural gas engines (NGEs) are primarily used in 
maritime and stationary applications. There they are often 
operated as lean-burn engines. Despite the currently strained 
supply situation particularly in Europe [40], natural gas with 
its main component methane  (CH4) will remain indispensa-
ble for a reliable energy supply and as a fuel in the coming 
years. In addition to conventional fossil sources, also sustain-
able biogas and sludge gas or methane from power-to-gas 
processes that allow to store excess energy from renewables 
such as wind and solar in chemical energy carriers will gain 
importance in the foreseeable future. Despite the overall low 
pollutant levels emitted from lean-burn NGEs, methane slip 
as a result of incomplete combustion leads, if left untreated, 
to methane emissions, which have a considerable impact 
on climate change due to the more than 20 times higher 
global warming potential compared to  CO2 [35]. Possible 
engine sources of incompletely burnt methane result from 
the combustion chamber geometry or the engine design as 
well as from the operating strategy. For example, the greater 
the valve overlap (engine design), the more unburnt meth-
ane can escape directly. With regard to combustion chamber 
design, flame quenching plays a significant role. In crevices 
where the surface/volume ratio is very high, the flame front 
does not reach the fuel–air mixture due to the high heat dis-
sipation. This is especially the case in the topland above the 
piston rings and is therefore virtually unaffected by the oper-
ating strategy. Another influence on flame quenching (espe-
cially near the cold combustion chamber walls) originates 
from the charge movement and the associated turbulence. 
With a higher degree of turbulence, the flame can advance 
closer to the combustion chamber walls and more methane 
can be oxidized. Other causes of quenching, on the contrary, 
can be influenced more by a change in the operating param-
eters. For example, the fuel–air mixture, the pressure and the 
temperature play a major role in the stability of combustion. 
A lean fuel–air mixture, for example, increases the risk of 
locally too lean zones due to inhomogeneities, as a result of 
which combustion can no longer be maintained and emis-
sions of unburnt methane increase [12, 41, 50, 66, 69, 75].

In addition, further tightening of emissions legislation is 
expected, which could bring methane emissions even further 
into focus. Consequently, questions regarding exhaust gas 
aftertreatment will remain relevant [49]. Following a retrofit 
idea, the operating strategy should be optimized in terms 
of emissions while avoiding major physical modifications 
to the engine. The influence of the combustion chamber 
geometry on methane slip can only be dealt with to a lim-
ited degree by adjusting the operating strategy. Therefore, an 

exhaust gas aftertreatment system is required. Consequently, 
optimization of engine operation aims at positively influenc-
ing the conditions at the catalytic converter as well as the 
raw emissions of the untreated pollutants [69].

Under lean conditions,  CH4 is most efficiently converted 
over catalysts based on palladium (Pd) [14, 23, 69], most 
likely via a Mars–van Krevelen mechanism taking place over 
the active species PdO [36, 47, 64, 69, 74] that is commonly 
supported on metal oxides such as alumina  (Al2O3). Despite 
their initially high activity, Pd catalysts suffer from severe 
inhibition by the inevitable exhaust component water  (H2O), 
which was attributed to an accumulation of hydroxyl groups 
on the catalyst surface that particularly block the active PdO 
particles [3, 29, 57, 69, 72]. In addition, catalyst deactivation 
may take place at elevated temperatures [16, 38, 69], e.g. due 
to noble metal particle sintering [30, 69].

In real exhausts, not only steam but also pollutants such as 
carbon monoxide (CO), formaldehyde  (CH2O) and nitrogen 
oxides  (NOx) interact with the catalyst, and sulphur-contain-
ing compounds such as hydrogen sulphide  (H2S) or sulphur 
oxides  (SOx) can act as a strong catalyst poison [49, 69]. In 
this respect, optimized catalyst formulations can ensure high 
activity and stability. For instance, bimetallic Pd–Pt catalysts 
were suggested to mitigate water inhibition [11, 42], reduce 
sintering [55] and slightly improve the performance in the 
presence of sulphur species [24, 27]. Moreover, using ceria 
 (CeO2), zirconia  (ZrO2) or tin oxide  (SnO2) as a support 
material was reported to reduce the negative impact of water 
[15, 39, 43, 54].

However, choosing appropriate engine operation strate-
gies can significantly contribute to maintaining high pollut-
ant conversion rates as well. For instance, high-frequency 
lean-rich cycling, the so-called dithering, can increase 
pollutant conversion particularly in the low-temperature 
regime––a concept that is known for stoichiometric appli-
cations since decades [32, 53, 69] and that currently enjoys 
growing popularity again [17, 34, 60, 69]. In a compara-
ble way, periodic cycling between lean and short rich con-
ditions can enhance the  CH4 oxidation performance of Pd 
catalysts operated under lean conditions in humid exhaust 
environments  by decomposing adsorbed hydroxyl species 
during the substoichiometric phase along with an optimi-
zation of the morphology and oxidation state of the noble 
metal particles [9, 21, 22, 37, 69]. Furthermore, rich pulses 
were demonstrated to decompose sulphur species that are 
adsorbed on Pd–Pt methane oxidation catalysts, hereby ena-
bling efficient regeneration of harshly aged catalysts [47, 
48].Notably, the transfer of such catalyst operation strategies 
to real-world applications is possible [27, 44]. Lehtoranta 
et al. have investigated regeneration under stoichiometric 
conditions with sulphur-poisoned methane oxidation cata-
lysts and real engine exhaust gas. They found that with this 
form of reactivation, positive results were achieved after just 
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a few minutes [44]. So, additionally to conventional regener-
ation under stoichiometric conditions, dithering could have a 
beneficial impact since it could improve the catalytic activity 
itself during the reactivation and promote the regeneration 
effect due to the rich pulses occurring in dithering mode.

To investigate the influence of real exhaust gas on the 
catalyst performance, it is important to examine different 
catalyst samples. However, since the coating of a monolith 
with a near-series geometry is difficult to realize on a labo-
ratory scale and is uneconomical, a test bench concept is 
needed that bridges the gap between real application and 
laboratory. For this reason, the present study aims at devel-
oping a set-up that integrates catalyst samples into an engine 
test bench and ensures the most realistic possible conditions 
with regard to temperature, pressure and space velocity. In 
addition, a direct coupling of such an engine test bench with 
advanced catalyst testing technologies is key to understand 
how catalysts behave under challenging real-world condi-
tions. Therefore, a natural gas engine is coupled with an 
on-line effluent gas analysis by means of a Fourier transform 
infrared (FTIR) spectrometer that monitors either engine-out 
raw emissions or the activity of a monolithic catalyst sample 
during realistic load control of the engine. An external sam-
ple loop was set up that allows to measure spatially resolved 
species concentration profiles within a single channel of the 
catalytic converter. Inspired by spatial profiling techniques 
well known at lab scale [18, 46, 61], the novel setup pre-
sented herein provides direct insights into inhibition and 
deactivation phenomena taking place in real-world exhaust 
gases. Therefore, different engine operation modes, i.e. lean, 
stoichiometric and dithering, are applied and their impact on 
a PdO/Al2O3 methane oxidation catalyst is studied by means 
of end-of-pipe gas phase analysis as well as spatial profiling. 
In the following, it will be shown how well real conditions 
can be represented on laboratory samples and what findings 
can be gained using corresponding measurement technology 
under typical engine operating conditions.

2  Experimental methods

2.1  Experimental set‑up

2.1.1  Test engine

Table 1 shows the data of the base engine, which is a 2.2 l 
3-cylinder engine (Table 1) used in industrial applications. 
It is operated stoichiometrically without turbocharging and 
exhaust gas recirculation (EGR). Since gas engines, which 
often rely on EGR to reduce engine-out nitrogen oxides 
emissions [65] or lean operation, are used in many appli-
cations, appropriate modifications to the basic engine are 
necessary to be able to examine catalytic converters under 

real conditions more closely. Pure lean-burn would already 
be possible with the standard engine, but would lead to a 
loss of power due to the lack of turbocharging, which would 
mean that only operating points with low loads could be 
represented. For this reason, an external boost pressure 
supply is used, which in combination with a backpressure 
valve simulates a turbocharger (Figs. 1 and 2). In addition, 
the intake manifold was replaced by a proprietary design 
that enables the recirculation of exhaust gas and, for future 
investigations, accommodates six injectors for the injection 
of species such as methanol or water (as a further measure 
for nitrogen oxide reduction).

The fuel is added to the air via a mixer and a pressure-reg-
ulating valve. The mass flows of both media are measured by 
means of Coriolis scales (s. Figure 2 and Appendix). In the 
case of natural gas, also the gas composition is determined 
with the aid of a gas chromatograph (GC, ABB Totalflow). 
The exhaust gas for the EGR is taken upstream of the back-
pressure valve and routed to the intake manifold via an EGR 
cooler. The rate is determined by comparing the  CO2 con-
tent in the intake manifold with that in the raw exhaust gas 
with the help of a nondispersive infrared sensor (Ultrarot-
Absorptions-Schreiber (URAS), ABB Uras26) (Appendix).

2.1.2  Exhaust gas system

2.1.2.1 Regulation strategies A turbocharger generates a 
backpressure in the exhaust gas via its flow resistance which 
can be adjusted to a target pressure differential to the intake 
manifold pressure by means of a backpressure valve. The 
EGR rate is directly controlled via an EGR valve. In addi-
tion, the exhaust system is equipped with an FTIR spectrom-
eter as well as an exhaust gas measurement system (AMA, 
AVL AMA 4000) to measure the exhaust gas composition 
both up and downstream the catalytic converter (Fig. 2).

Table 1  Data of base engine

Properties Values

No. of cylinders 3
Bore/stroke (mm) 92/110
Displacement (l) 2,19
Max. nominal speed  (min−1 | rpm) 2200–2800
Power (kW) 42
At speed  (min−1 | rpm) 2800
Max. torque (Nm) 160
At speed  (min−1 | rpm) 1300–1600
Minimum idling speed  (min−1 | rpm) 900
Operating conditions Stoichiometric
Charging Naturally aspirated
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Fig. 1  Principle sketch of a 
turbocharged CNG engine using 
EGR

Fig. 2  Principle sketch of the engine test bench set-up [68]
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An important parameter in exhaust gas catalysis for com-
paring different catalyst formulations and geometries is the 
gas hourly space velocity (GHSV). It is defined as the ratio 
between the volume flow rate through the catalyst V̇

cat
 and 

the catalyst volume (monolith) Vcat:

The volume results from the geometry (diameter dcat 
and length lcat of the monolith), and the volume flow is the 
ratio between mass flow ṁ

cat
 and density ρexh. Since the 

assumption of ideal gas behaviour is permissible under the 
conditions in an exhaust system for internal combustion 
engines, the density can be determined using the following 
ideal gas equation:

In Eq. (2), the geometric quantities are given by the cata-
lytic converter and are therefore known. Furthermore, the 
molar mass of the mixture (Mexh) can be determined by 
measuring the exhaust gas composition. If the temperature 
(Tcat), pressure (pcat) and mass flow ( ṁ

cat
 ) are also meas-

ured, the space velocity can be calculated with the univer-
sal gas constant R. Two control modes can be selected in 
the test bench set-up: It is possible to either specify a target 
space velocity directly or to control to a ‘reference’ GHSV. 
The reference position results from the typical installation 
position of a series catalytic converter in turbo-charged 
engines. In these applications, a catalytic converter is 
often installed after the turbocharger turbine (Fig. 1) and 
thus after the backpressure valve in the test bench set-up 
(Fig. 2). To ensure that the temperature at the catalyst sam-
ple is the same as at the reference point, a heating tape is 
used together with the associated temperature control. The 
exhaust gas composition at both locations is also the same. 
The pressure at both the reference and the sample is meas-
ured using pressure sensors. Now the geometric variables 
and the mass flow are missing for the complete definition 
of the reference. Due to the retrofit idea, the volume of the 
series catalytic converter of the base engine is chosen as the 
reference volume. Under real conditions, the entire exhaust 
gas mass flow (corresponding to the sum of all mass flows 
entering the engine combustion chamber, namely mass flow 
of intake air ṁ

air
 and mass flow of CNG ṁ

CNG
 ) would also 

flow through the catalytic converter. This results in the fol-
lowing Eq. (3) for the reference mass flow:

(1)GHSV =
V̇
cat

V
cat

(2)GHSV =

ṁcat

𝜌exh

V
cat

=
ṁ

cat
⋅

R⋅Tcat

pcat⋅Mexh

𝜋 ⋅

d2
cat

4
⋅ l

cat

(3)ṁ
ref

= ṁ
air

+ ṁ
CNG

The actual value of the GHSV control is the value at the 
catalyst sample. The geometry is given by the dimensions of 
the catalyst sample, and the mass flow through the sample 
(bypass) is measured with the help of a mass flow metre 
from Systec Controls, type DF8. If automatic control to the 
reference is required, the space velocity at the reference posi-
tion is set in the control system, which in turn adjusts the 
flow regulation valve and thus the actual value accordingly. 
With both control modes, it is therefore possible to examine 
the catalytic converter performance both under the premise 
of a retrofit and with the motivation of finding an optimal 
catalytic converter volume [68]. The corresponding meas-
urement devices are listed in the Appendix.

2.1.2.2 Catalyst probe The GHSV plays a decisive role 
for the investigation of exhaust gas catalysts. The bypass 
concept allows using catalyst samples with significantly 
smaller volumes than those of full-scale serial converters. 
Notably, smaller substrates are easier to coat (especially on 
a laboratory scale) and require less material. In addition, 
smaller geometries facilitate the coating of more complex 
novel monolithic structures, for instance as produced by 3D 
printing processes. In this study, the sample was produced 
using the dip-coating procedure. For this, a slurry contain-
ing the 2 wt. % PdO/Al2O3 was coated on to the cordierite 
monolith until the desired noble metal loading of 80 g/ft3 
was achieved. The received sample (length 5 cm, diameter 
2.54 cm, c.f. Table 2) can be integrated into the exhaust duct 
with the aid of a sample holder (Fig. 3). The sample holder 
is a stainless-steel lantern modified with regard to glass tube 
and sealing material for the use at exhaust gas temperatures. 
This ensures an optical access to the area in front and behind 
of the monolith, which is a prerequisite for aligning the cap-
illary-based sampling technique exploited for spatial profil-
ing (SpaciPro, Chapter  3). The sample holder is mounted 
into the bypass at both ends by means of flanges and clamps 
that are gas-tight during operation, but which can be eas-
ily loosened and tightened for fast exchange of the catalyst 
sample.

Table 2  Properties of the used catalyst probe

Properties Values

Catalyst material 2 wt% PdO/Al2O3

Loading 80 g/ft3
Monolith material Cordierite
Length 5 cm
Diameter 2.54 cm
Cell density 600 CPSI
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2.2  Experimental procedure

The experiments in this study focus on two different operat-
ing ranges of a gas engine that are particularly relevant for 
maritime applications or combined heat and power plants 
(CHPs). First, ‘normal’ operation under lean conditions 
is realized; second, engine operation parameters are cho-
sen that allow to (re-)activate methane oxidation catalysts, 
namely rich conditions or rich pulses. For this reason, the 
dithering mode of the engine control unit is used to gener-
ate a Lambda oscillation of ± 5%, which results in periodic 
deviations into rich operating ranges. Since gas engines are 
often operated with EGR in the above-mentioned applica-
tions, measurements are also carried out at an EGR rate of 
10%.

These tests aim at demonstrating the capabilities of the 
test bench set-up, i.e. operation of a lab-scale catalyst sample 
under various real-world operation conditions. In addition 
to the detailed analysis of the exhaust gas composition, the 
measurements also focus on the pressure conditions present 
at the catalyst sample. For this purpose, fast low-pressure 
indication (Appendix) is used both up- and downstream of 

the sample. These data can serve as input parameters for 
simulative investigations on the heterogeneous (phase of 
catalyst differs from that of reactants or products) catalyst 
during future studies.

The tests were conducted using the reference GHSV regu-
lation mode. Table 3 summarizes the test matrix with the 
varied input variables. The tests were carried out at a load 
of ~ 9 bar indicated mean effective pressure (IMEP) and a 
speed of 1500 1/min (typical speed for CHP applications). 
The Fourier-transform infrared (FTIR) spectrometer enables 
the simultaneous analysis of a significantly higher number 
of different exhaust gas species compared to a conventional 
exhaust gas analyser. In the following, concentrations of 
NO,  NO2,  N2O,  NH3, CO,  CH4 and  SO2 and their depend-
ency on engine operating conditions will be discussed. The 
temperature before and after the catalyst sample, referred 
to as Tupstream and Tdownstream, respectively, were measured 
by means of type K thermocouples placed approx. 30 mm 
up- and downstream of the sample.

3  Results and discussion

3.1  Influence of air–fuel ratio

In addition to the exhaust gas species, Table 4 also shows the 
GHSV and the temperatures up- and downstream of the cata-
lyst. Since the air mass flow must be increased at constant 
load compared to stoichiometric operation, the GHSV is 
higher for lean operation points. The temperature shows the 
influence of both lean combustion and ignition timing. As 
a result of the changed heat capacity of the cylinder charge 
due to dilution, the temperatures are lower than those in 
purely stoichiometric operation without EGR. The ignition 
timing leads to an increase in exhaust gas temperature with 
late adjustment, as the efficiency deteriorates and thus more 
energy remains unused in the final gas. An important point 
for assessing the emission measurements is the lambda con-
trol, especially in stoichiometric operation. Figure 4 shows 
the measured course of lambda over the crank angle. It 
clearly shows the lambda deviations of ± 5%. The influence 
of various parameters of the lambda oscillation (frequency, 

Fig. 3  Left: Sample holder for 
integration of catalyst samples 
into exhaust tailpipe. Right: 
Catalyst sample within sample 
holder

Table 3  Test matrix

Measur-
ing point

Measuring 
position reg. 
cat

Ignition timing λ EGR GHSV

% 1/h
1 Before Early 1.4 0 167,000

After Early 1.4 0 166,000
2 Before Early 1.4 0 170,000

After Early 1.4 0 170,000
3 Before Late 1.4 0 173,000

After Late 1.4 0 172,000
4 Before Early 1 0 151,000

After Early 1 0 147,000
5 Before Late 1 0 155,000

After Late 1 0 154,000
6 Before Late 1 10 139,000

After Late 1 10 138,000
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amplitude and mean value in Table 5) was investigated espe-
cially for gas engines in [63].

3.1.1  CNG composition

The natural gas used for the experiments originates from 
the Karlsruhe city grid. To determine the composition, a 
gas chromatograph (GC) was used to analyse the concen-
trations of certain species in the natural gas. In this case, 
the natural gas consists of almost 94% methane and also Ta
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Fig. 4  Lambda plotted against crank angle at stoichiometric condi-
tions

Table 5  Values of Lambda 
swing

Equivalence air–fuel ratio (λ)

Mean value 1

Amplitude 0.05
Frequency 0.85 Hz

Table 6  Gas composition of used CNG

Species Formula Unit Value

Methane CH4 vol-% 91.23
Ethane C2H6 vol-% 4.75
Propane C3H8 vol-% 1.13
Isobutane i-C4H10 vol-% 0.198
Butane n-C4H10 vol-% 0.188
Pentane n-C5H12 vol-% 0.042
Isopentane i-C5H12 vol-% 0.031
Hexane C6H14 vol-% 0.007
Carbon dioxide CO2 vol-% 1.29
Nitrogen N2 vol-% 1.14
Methane number – – 79.7
Calorific value HS kWh/m3 11.504
Heating value Hi kWh/m3 10.390
Standard density ρStandard kg/m3 0.7934
Upper Wobbe index Ws kWh/m3 14.686
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contains relevant proportions of ethane (~ 4%), propane 
and butane. (Table 6). In addition, the natural gas can also 
contain components that cannot be detected but which may 
impact the catalyst, such as sulphur. The fuel composition 
has an influence not only on the catalyst but also on the 
combustion process itself, which is why the methane num-
ber and the calorific values are calculated with the help of 
the measured concentrations.

3.1.2  Pressure conditions

Figure 5 shows the pressure curves at various points in the 
exhaust system over a working cycle. The top curve shows 
the pressure directly after the engine, and the other two the 
pressures up- and downstream of the catalytic converter. 
Three deflections can be seen in all curves. These result from 
the gas exchange of the individual cylinders. The pulsations 
are (attenuated) passed on to the catalyst sample. The higher 
mean value for the pressure after the engine comes from 
the exhaust backpressure control. A minimal difference in 
the mean value of the two curves at the catalytic converter 
is also noticeable. This can be attributed to the flow resist-
ance of the catalyst sample. An evaluation of the maxima, 
which occur with a time lag from one another, would provide 
information about the duration of the flow from position to 
position.

3.1.3  Gas hourly space velocity (GHSV)

A decisive factor for a reliable and efficient performance 
of tests in the context of exhaust gas aftertreatment is the 
adjustment of the test conditions. In catalysis, these are 
strongly influenced by the space velocity. In fluctuating 

operation, as is the case on an engine test bench (Fig. 5), 
manual adjustment would be very difficult and would require 
considerable effort, hence in this case a control concept 
(Chapter 2.2) must be developed. Since, as explained in 
Chapter 2.1.2, many fluctuating measured variables are nec-
essary for calculating the GHSV, there are quickly occurring 
and changing deviations to which a PID controller reacts 
sensitively, making the adjustment of the individual control 
components essential. After adjusting the control param-
eters, there is a deviation between the setpoint and actual 
value of on average approx. ± 0.1% (Table 7).

Fig. 5  Pressure oscillations in 
the exhaust

Table 7  Values of GHSV at the catalyst probe, at the reference posi-
tion and their deviation

GHSV catalyst GHSV reference Deviation
1/h 1/h %

166,519.1 166,551.7 0.0
165,823.5 166,955.9 − 0.7
169,601.1 168,425.6 0.7
169,776.7 169,604.6 0.1
173,223.3 174,036.9 − 0.5
171,597.2 174,967.6 − 1.9
150,684.9 150,569.2 0.1
147,368.1 148,414.9 − 0.7
155,167.2 156,421.2 − 0.8
153,563.4 154,170.6 − 0.4
139,369 138,079.4 0.9
137,865.4 137,294.2 0.4
Mean value in % − 0.1
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3.1.4  Exhaust gas species

In the following, the results of the concentration measure-
ments conducted for all operation points listed in Table 3 

are examined in more detail, broken down by the individual 
species or species groups.

Table 8  Diagrams of the most relevant species emissions and temperatures as function of 50% mass fraction burned (MFB50)

λ = 1.4, EGR = 0 % λ = 1.0, EGR = 0 % λ = 1.0, EGR = 10 %
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Table 8  (continued)
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3.1.4.1 Methane  (CH4) Lean: Under lean conditions, a 
late adjustment of the ignition timing from 50% mass frac-
tion burned (MFB50 = 8°CA to MFB50 = 19°CA) leads 
to a slight reduction of the  CH4 raw emission level and an 
increase of the exhaust temperature by 30  °C (Table  8). 
Despite the increasing exhaust temperature, the  CH4 con-
version rate over the catalyst remains almost constant at 
approx. 80%.

Stoichiometric: Similar trends are observed under stoi-
chiometric conditions, however with overall higher exhaust 
temperatures of up to 663 °C, lower raw emissions and a 
lower  CH4 conversion of approx. 70%. The positive impacts 
of higher temperatures seem to be compensated by the 
higher water amount at altered ignition timing (except one 
outlier) and its increasing inhibitory effects [24, 25]. Grem-
minger et al. reported that Pd-based catalysts are most active 
in lean exhausts, whereas they exhibit only moderate  CH4 
conversion in stoichiometric exhausts [28]. Our present 
findings confirm the results of [28], since the almost 90 °C 
higher exhaust temperature during stoichiometric engine 
operation cannot compensate lower catalyst activity.

EGR: Dilution of the air and fuel mixture with EGR 
(10%) at λ = 1 leads to an only minor increase in raw emis-
sions compared to undiluted operation, but results in a 
slightly lower exhaust temperature and thus in a slight drop 
in  CH4 conversion.

Raw emissions: Dilution by air or also EGR leads to lower 
combustion temperatures as well as a higher heat capacity 
of the gas mixture in the cylinder and thus to overall lower 
combustion chamber temperatures. Thus, the time window 
in which conditions prevail that benefit methane oxidation 
is smaller. In addition, the flame speed is reduced. For these 
reasons, there is less time for the fuel to burn through and 
more unburnt methane (quenching effects) enters the exhaust 
gas than that in undiluted operation. The late adjustment of 
the ignition timing leads to a higher temperature at the end 
of the working cycle, which benefits catalytic  CH4 oxidation. 
This temperature effect also was observed by Lehtoranta 
et al. [44].

Post-catalyst emissions: The excess oxygen in lean opera-
tion favours the oxidation of unburnt methane in the catalytic 
converter but also promotes water inhibition, whereas in rich 
conditions, various reactions have to compete for the remain-
ing oxygen. Theoretically, there is enough oxygen available, 
but the methane conversion is lower due to lower catalytic 
activity of Pd-based catalysts [28]. Furthermore, it must be 
taken into account that sulphur in the exhaust gas has a con-
siderable influence on the quality of the catalysis which will 
be discussed later [27, 49].

3.1.4.2 Carbon monoxide (CO) Lean: During lean opera-
tion, only minimal differences are shown with regard to 
the CO raw emissions with the ignition timing variation 

(Table  8). With later ignition, the emissions are slightly 
lower. For both ignition angles, the CO is almost completely 
eliminated by the catalytic converter.

Stoichiometric: The raw emission level during dither-
ing is significantly higher than that in lean operation. With 
regard to the ignition timing adjustment, analogous effects 
are observed for stoichiometric and lean conditions. The CO 
conversion rate is reduced to slightly more than 70%.

EGR: Using EGR, the CO raw emissions are lower than 
those in stoichiometric operation without EGR, but still sig-
nificantly higher than those in lean operation. The conver-
sion rate is also just over 70%.

Raw emissions: In general, CO emissions indicate incom-
plete combustion, as the flame quenches especially near the 
wall or there may be a local lack of oxygen as a result of 
inhomogeneities in the combustion chamber. The retarded 
adjustment of the ignition timing leads to a longer com-
bustion. Consequently, the temperatures required for com-
bustion of the hydrocarbons in the fuel are also present for 
longer and under lean conditions there is thus more time for 
oxidation. Under stoichiometric or rich conditions, there are 
locally more areas of oxygen deficiency, so that the occur-
rence of incomplete combustion is more frequent [58].

Post-catalyst emissions: The lack of oxygen in the exhaust 
gas also leads to an increase in emissions after the catalytic 
converter, as unburnt hydrocarbons cannot be completely 
oxidized to  CO2 and  H2O. It is well known from three-way 
catalysts that CO is converted well under lean conditions, 
but its conversion decreases under stoichiometric and rich 
conditions [20, 59].

3.1.4.3 Nitric oxide (NO) Lean: During lean operation, a 
late adjustment of the ignition timing leads to a reduction in 
NO raw emissions due to the resulting later combustion and 
thus lower peak temperatures in the combustion chamber 
(Table 8). In addition, the late adjustment seems to result in 
a slight increase of the NO concentration measured after the 
catalyst sample.

Stoichiometric: Under stoichiometric conditions, slightly 
more than half of the NO is converted by the catalyst. A 
later ignition under stoichiometric conditions shows the 
same effect as in the lean. However, the raw emission level 
is significantly higher due to the higher combustion tempera-
tures, which means that the emissions after catalyst are even 
partly higher than the raw emissions under lean conditions.

EGR: The use of EGR leads to a similar raw emission 
level as in lean conditions, but shows the same conversion 
rate as without EGR.

Raw emissions: Peak combustion temperatures and excess 
oxygen play a decisive role in the formation of NO. The lat-
ter is also present globally under stoichiometric conditions 
without EGR due to lambda control and locally with the 
use of EGR due to incomplete mixing. In general, dilution 
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increases the heat capacity and therefore lowers the peak 
temperatures during combustion. A late adjustment of the 
ignition leads to lower peak pressures and thus also to lower 
maximum temperatures, which also lowers the emissions. 
The temperature dependency of the NO formation in engines 
has been sufficiently researched. The main pathway in the 
engine context is the Zeldovich mechanism describing the 
NO formation under high temperatures [8, 58, 71].

Post-catalyst emissions: In lean conditions, no conversion 
takes place in the catalyst (similar to three-way catalysts [20, 
59] due to the lack of reducing agents and the inhibitory 
effect of oxygen on NO reduction that could be observed 
on Pd-based methane oxidation catalysts [5]. Under stoi-
chiometric conditions, on the contrary, NO conversion takes 
place, which can at least reduce the increased NO raw emis-
sions resulting from the enrichment to a similar level as in 
lean conditions.

3.1.4.4 Nitrogen oxide  (NO2) Lean: While operating lean at 
early ignition and thus lower exhaust gas temperatures,  NO2 
is formed (Table 8). A late adjustment, however, shows a 
trend reversal and an increase in the  NO2 conversion rate 
over the catalyst. The raw emissions show no significant 
influence of the ignition timing.

Stoichiometric: In contrast to lean conditions, the increase 
of post-catalyst concentration is significant, but is somewhat 
smaller with a late adjustment of the ignition.

EGR: The use of EGR shows no difference compared to 
the measurements under stoichiometric conditions without 
EGR.

Raw emissions: The level of the  NO2 raw emissions 
decreases significantly during lean operation and thus shows 
an opposite behaviour to NO. The excess oxygen in lean 
combustion favours the oxidation of NO to  NO2, which is 
why the concentrations are higher than those in stoichiomet-
ric engine operation.

Post-catalyst emissions: Although additional  NO2 is pro-
duced in the catalytic converter due to NO oxidation also 
in stoichiometric exhausts, the engine-out  NO2 levels are 
substantially lower and thus the post-catalyst  NO2 concentra-
tions always remain below those found under lean operation.

3.1.4.5 Nitrous oxide  (N2O) Lean: Traces of  N2O (detection 
limit of the MG 2030 FTIR spectrometer according to the 
manufacturer at 0.75 ppm) are present especially after the 
catalytic converter at lean conditions. The late adjustment of 
the ignition and the associated higher temperatures seem to 
eliminate the  N2O fractions in the raw exhaust almost com-
pletely (Table 8).

Stoichiometric: Compared to lean conditions, the raw 
emission level is slightly increased and the production rate 
is significantly higher.

EGR: The use of EGR shows no significant difference to 
the corresponding operating point without dilution.

Raw emissions: In principle, there are two sources of 
 N2O: one from combustion in the cylinder and the other 
from exhaust gas aftertreatment. In the formation of NO in 
the combustion chamber, the path via  N2O plays an impor-
tant role in homogeneous charge compression ignition 
(HCCI) applications [4]. Similar mechanisms could explain 
the occurrence in the raw exhaust gas. Li et al. observed that 
incomplete combustion of n-heptane leads to an increase 
in concentrations in the order of magnitude observed here 
(approx. 1 ppm) [45].

Post-catalyst emissions: The other source of  N2O emis-
sions are processes in the catalyst. Essentially, the following 
gross reactions play a role in the conversion, which depend 
on the catalyst composition, temperature and partial pressure 
of the individual components:

The first reaction is the desired reduction of NO by CO, 
and the second describes the undesired formation of  N2O. 
The decomposition of  N2O with CO acting as a reducing 
agent is described by the third reaction, and the last one 
shows a simple dissociation that typically occurs once tem-
peratures exceed 600 °C. It was possible to identify a tem-
perature at which  N2O was no longer formed when syngas 
was fed to a three-way catalyst (Pd/Rh), independent of the 
fuel–air mixture, since it dissociates at this temperature. 
Furthermore, it was shown that only the front zone of the 
catalyst is important for conversion.  N2O is formed dur-
ing the incomplete reduction of NO, whereby CO or HC 
are possible reaction partners. This reaction is favoured in 
slight excess air, since CO and HC then react first with the 
atmospheric oxygen. Therefore, fewer CO and HC molecules 
remain for the reaction with NO than are required for com-
plete reduction.  N2O formation thereby outweighs the deg-
radation mechanisms shown in the fourth reaction at catalyst 
temperatures of about 200–400 °C [26].

At higher excess air, NO reduction and thus  N2O forma-
tion become almost irrelevant. When there is a lack of air, 
 N2O is formed. At higher temperatures,  N2O reduction with 
CO or HC dominates [31]. In the study by Adams et al. [1] 
and Adams et al. [2], the influence of lean-rich alternations 
on  N2O formation was investigated. It was shown that  N2O 
was formed mainly in the rich-lean alternations. Moreover, 

2 CO + 2 NO ⇔ 2 CO
2
+ N

2

CO + 2 NO ⇔ CO
2
+ N

2
O

CO + N
2
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Gifhorn and Meyer-Pitroff [26] report on a maximum of 
 N2O formation in slightly lean operation, which is related 
to the resulting increased  NOx concentration. In the case of 
the stoichiometric experiments, the lambda oscillation with 
deflections into richness as well as the increased nitrogen 
oxide concentrations in the raw exhaust gas due to the higher 
combustion temperatures could thus have a reinforcing effect 
on the  N2O formation in the catalytic converter. Significant 
leaning is shown to be a preventive measure. Despite the 
higher exhaust gas temperatures compared to 400 °C dis-
cussed by Gifhorn and Meyer-Pitroff [26], such eventually 
existing maximum temperature permitted for formation over 
the Pd/Al2O3 catalyst sample investigated in this publication 
may not be reached. Furthermore, the presence of sulphur 
and water leads to deactivation of Pd/Al2O3 catalysts with 
regard to  N2O conversion. [56] In the case of Pt/Al2O3 or Pt/
SiO2,  N2O formation is enhanced by water in the feed gas 
[10]. Both aforementioned effects of sulphur and water, in 
combination with relatively high NO raw emissions in both 
lean and stoichiometric conditions, may lead to conditions 
that favour  N2O-forming reaction pathways. Under stoichio-
metric (oscillating) conditions, this effect may be further 
intensified by additional CO raw emissions.

3.1.4.6 Ammonia  (NH3) Lean: Under lean conditions, 
ammonia plays a role neither in raw nor post-catalyst emis-
sions. (Table 8).

Stoichiometric: In contrast, catalyst-induced ammonia 
formation is observed under stoichiometric conditions. Nota-
bly, a late adjustment of the ignition timing in the exhaust 
gas leads to a decrease in ammonia formation.

EGR: In addition, EGR results in reduced ammonia for-
mation in the catalytic converter compared to the pure stoi-
chiometric point without EGR.

Raw emissions: Ammonia plays no role in the raw 
emissions.

Post-catalyst emissions: If  H2 and NO are present in a 
certain ratio, ammonia is formed in precious metal catalysts 
according to the following reaction equation [1]:

The reaction equation above underscores that in addi-
tion to NO, which is often contained in the exhaust gas, the 
presence of hydrogen is also necessary for ammonia forma-
tion. Hydrogen originates from the water contained in the 
exhaust gas, which reacts with CO according to the so-called 
water–gas shift reaction (WGS) [1]:

In another study, a positive influence of the modifica-
tion of Pd/Al2O3 with cerium on ammonia formation 
was observed when  H2O serves as the  H2 source, as this 

NO + 5∕2 H
2
→ NH

3
+ H

2
O

CO + H
2
O → CO

2
+ H

2

stimulates the water–gas shift. The addition of barium 
instead of cerium, on the contrary, shows no influence [2]. 
Note that  NH3 forms only during rich phases when  H2 evolv-
ing from WGS is not oxidized due to the lack of oxygen. 
Furthermore, in these phases, more nitrogen oxides, carbon 
monoxide as well as water are available as required species. 
In this regard, the lower ammonia formation in the case of a 
late adjustment of the ignition may be explained by the lower 
 NOx content in the raw emissions.

3.1.4.7 Formaldehyde  (CH2O) Lean: At lean conditions, 
there is almost no influence of the ignition timing adjust-
ment on the formaldehyde raw emission level (Table 8). The 
emissions under stoichiometric operation are almost com-
pletely converted by the catalyst.

Stoichiometric: Compared to lean conditions, this results 
in a lower raw emission level, but barely impacts the conver-
sion in the catalyst.

EGR: The use of EGR results in lower raw emissions 
than those in lean and is about the same level as in undiluted 
stoichiometric operation.

Raw emissions: Formaldehyde is an intermediate product 
in methane oxidation, hence its occurrence in exhaust gas 
suggests incomplete combustion [12, 51]. Consequently, 
increased formaldehyde emissions always occur along with 
increased methane emissions and thus the interpretations 
for raw methane emissions with regard to the influence of 
dilution by EGR as well as by air also apply in the case of 
formaldehyde.

Post-catalyst emissions: Regardless of the operating con-
ditions, the Pd/Al2O3 catalyst used herein shows an almost 
complete conversion of the formaldehyde. In the study by 
Gremminger et al. [28], various noble metal-based catalyst 
formulations including Pd-based samples were examined 
for their ability to oxidize formaldehyde under different 
(simulated) engine-operating conditions. Irrespective of 
the catalyst composition, almost complete  CH2O conversion 
was found for temperatures of 350 °C and above. Since all 
measurements carried out in the present study are well above 
this temperature, high formaldehyde conversion rates are 
achieved. However, despite the high catalytic activity, few 
ppm of  CH2O were detected post-catalyst for all conditions 
tested, which we attribute to the strong transport limitation 
of formaldehyde oxidation over noble metal catalysts [70, 
73].

3.1.4.8 Sulphur dioxide  (SO2) In the engine context,  SO2 
is the product of combustion of sulphur-containing media 
that enter the combustion chamber. Gas engines that rely 
on natural gas or biogas as fuels usually contain sulphur. 
In the case of natural gas from the city grid, sulphur-con-
taining odorants are added for safety reasons. According 
to analyses by the Karlsruhe municipal utility, there are 
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about 5  ppm of sulphur in the natural gas used when it 
reaches the end consumer. Another source of raw  SO2 
emissions can be sulphur-containing engine oil. Accord-
ing to the oil analysis, the SAE40 engine oil used con-
tains 0.14 mass % sulphur. As can be seen in Table 4, the 
concentrations are max. 4 ppm and thus below or at the 
detection limit of 4 ppm specified for the FTIR spectrom-
eter used herein for gas analysis, which means that the 
absolute value should be viewed with caution. However, 
the pre- and post-catalyst measurements always show the 
same tendency, so that at least the direction of a change in 
concentration due to the catalyst could be reliably deter-
mined.

Lean: The comparison between the emissions pre- and 
post-catalyst under lean conditions shows a repeating pat-
tern. The  SO2 level in the raw emissions is always lower 
than the  SO2 level that is detected at post-catalyst position 
(Table 8). The exhaust temperatures have no influence on 
this.

Stoichiometric: Compared to lean conditions,  SO2 is 
included in the raw emissions at stoichiometry. Emis-
sions after catalyst are also increased. Just as in lean, a 
late adjustment of the ignition causes no change in the 
emissions.

EGR: A minor influence with the addition of EGR is seen 
in the raw emissions, where the proportion is between the 
stoichiometrically undiluted and the lean in terms of amount.

Raw emissions: Two possible sources play a role in  SO2 
formation in the combustion chamber. However, neither 
seems to play a role in lean-burn, whereas  SO2 is present in 
the measurements under stoichiometric conditions. The dif-
ference between the two operating modes lies in the charg-
ing and thus the pressure in the cylinder. To realize the lean 
conditions, more air must be added with the help of boost 
pressure while maintaining the load. The cycle thus starts at 
a higher pressure level than that in uncharged operation dur-
ing the stoichiometric measurements. When analysing the 
cylinder pressure curves, it was noticed that at the stoichio-
metric operating points the pressure is at times below ambi-
ent pressure, which sucks oil into the cylinder and therefore 
results in  SO2 formation during combustion. Conversely, this 
also could indicate that odorization of the fuel itself plays an 
only minor role in  SO2 formation, at least for the conditions 
subject to the present study.

Post-catalyst emissions: According to the case that sul-
phation has already taken place, the increase in  SO2 emis-
sions after the catalytic converter under rich conditions 
could be due to regeneration. In the study by Lott et al. [48], 
it was observed that  SO2 is desorbed under rich conditions 
and in the presence of water vapour. The lower increase 
under lean conditions can possibly also be attributed to 

the same effects, only much more inhibited. To clarify this 
conclusively, experiments could be carried out under rich 
conditions without falling below the ambient pressure in the 
cylinder by means of charging. In this way, sulphur could be 
prevented from entering the exhaust gas through combus-
tion of the engine oil and influencing the catalytic activity. 
However, the piston ring dynamics and the thickness of the 
oil film on the wall also play a role in the combustion of 
engine oil both changing with varying operating conditions. 
Another reason for the increase could be an oxidation of 
sulphur species in the catalyst which cannot be quantified 
by the FTIR.

3.1.5  Summary

For a better assessment of the performance of the catalyst 
under the real engine conditions given in this publication, 
the most important findings of the measured exhaust gas 
species are summarized in the following. With regard to NO, 
the catalytic converter shows no conversion under lean con-
ditions. Dynamic operation with deflections into rich condi-
tions promotes the formation of  NO2,  N2O and  NH3 in the 
catalytic converter. In addition, there is insufficient CO and 
NO conversion. In this case, aftertreatment by means of SCR 
is necessary to cope with the NOx emissions. In this case, 
the ammonia emissions, which are actually harmful, could 
prove useful and be used specifically as a reducing agent 
and at least a partial substitute for urea injection for SCR 
aftertreatment (passive SCR). To convert 1 g of NOx, 2 g of 
AdBlue is required [52], which consists of approx. 32.5% 
urea ((NH2)2CO) [19, 52]. In a first step, thermolysis pro-
duces  NH3 and HNCO, which in a second step––the hydroly-
sis––reacts with water to form  NH3 and  CO2 [52]. With the 
rate of 2  gAdBlue/gNOx, this results in a total ammonia require-
ment of 0.37  gNH3/gNOx, which can almost be covered in 
the case of the stoichiometric measurements shown in this 
publication with and without EGR (0.30—0.36  gNH3/gNOx). 
However, as no  NH3 is formed under the lean conditions and 
the formation rates in the stoichiometric case are only just 
sufficient to reduce the currently occurring nitrogen oxides, 
the ammonia formed by the catalysis cannot substitute urea 
for lean operation. Furthermore, nitrogen oxide emissions 
may mitigate water inhibition of Pd-based catalysts under 
certain conditions. With the formation of  HNO2 by means 
of  NO2, a removal of hydroxyl groups from the Pd catalyst 
surface has been reported: Hydroxyl groups reduce methane 
conversion, whereas  HNO2 promotes conversion [62]. Fur-
thermore, NO in the presence of  HNO2 provides significant 
protection against  SO2 poisoning [7, 29, 62]. These results 
can help finding an optimal engine operation strategy with 
regard to exhaust gas aftertreatment.
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3.2  Measurements with spatial resolution

3.2.1  Measurement set‑up (SpaciPro)

The sampling technique applied for the present study is 
based on a lab-scale approach that was described in earlier 
publications [18, 46]. Minor technical adjustments were 
made to account for engine test bench-specific require-
ments. For concentration profiling, a quartz glass capillary 
(I.D. 500 μm, O.D. 660 μm) was inserted into a monolithic 
sample (300 CPSI, diameter 2.54 cm, length 3.0 cm) coated 
with PdO/Al2O3 catalyst. A motorized linear stage (Zaber 
Technologies, T-LSM 100A) allowed precise control of the 
capillary position. Furthermore, a heated sampling loop with 
a capacity of 10 ml was installed along with a multi-port 
valve and a pumping system as schematically illustrated in 
Fig. 6. With this configuration, small amounts of exhaust gas 
(approx. 150 ml/min) were sucked from inside a single chan-
nel of the catalytic converter, until the loop was completely 
filled. Subsequently, nitrogen originating from a mass flow 
controller (MFC, Bronkhorst) is used to inject the gaseous 
sample into the FTIR analyser (MultiGas 2030, MKS Instru-
ments) with a total flow of 1 l/min.

3.2.2  Test procedure and results

To get a better understanding of the effects that occur as a 
result of dynamic operation that is believed to enhance the 
catalytic activity, stoichiometric conditions are first exam-
ined without and then with dithering and compared with 
each other. Note that for the tests with spatial resolution, 
monolith samples with a cell density of 300 cpsi were used 
to reduce bias of the experiments by the presence of the 
capillary in a single channel [33]. This reduction of the cell 

density results in a reduction of the catalytic surface and thus 
of the activity. Therefore, to at least partially compensate 
for the aforementioned disadvantages, the operating point 
was also adjusted to a higher load and consequently higher 
exhaust gas temperatures (see Table 9), while the dither-
ing parameters remain the same. Five consecutive points 
(corresponding to five times of filling the sample loop and 
subsequent release into the FTIR analyser) were measured 
and averaged at each axial position every 5 mm within the 
channel, as well as 15 and 30 mm behind the catalyst. After 
calibration of the measured signals, calculations using the 
FTIR spectra result in the gas-phase species concentrations 
being present within the monolithic sample.

The engine-out raw emissions were led through a bypass 
of the exhaust line (c.f. Figure 2) to mimic real-world appli-
cation parameters such as the temperature and GHSV at the 
catalyst and simultaneously allow for spatial profiling. Spa-
tially resolved gas-phase species concentrations along the 
monolithic PdO/Al2O3 catalyst are depicted in Fig. 8. The 
second highest profile at 60 mm corresponds to a combustion 
lambda value of 1.4 and an operating load of 30%, which 
results in an exhaust gas temperature of 530 °C at the inlet 
and 460 °C at the outlet of the catalyst with a total GHSV 

Fig. 6  Principle sketch of the sampling system used for spatially resolved species concentration measurements

Table 9  Operating conditions and catalyst for spatially resolved 
measurements

Engine
 Speed 1500 1/min
 Load/IMEP 200 N∙m/12,5 bar
 Exhaust gas temp 660 °C
 Space velocity (GHSV) 200,000  h−1

Catalyst
 Material 2 wt% PdO/Al2O3

 Cell density 300 CPSI
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of 155.000  h−1. With inlet conditions of 13.5%  H2O and 
around 1050 ppm  CH4, the methane conversion inside the 
catalytic channel reaches a maximum of 50% after 20 mm. 
While the  CH4 concentration decreases almost linearly in 
the front zone of the catalytic channel, the clear maximum 
in conversion as well as the rise in methane concentration 
after the monolith can be explained due to the unavoidable 
interaction between the capillary and the gaseous flow field 
as discussed in the literature [33]. In conclusion, the low cell 
density, the moderate exhaust temperature, high water con-
centrations that inhibit  CH4 activation over the PdO/Al2O3 
catalyst and a high mass flow result in the overall low  CH4 
conversion of around 33%.

Table 10 gives an overview of the most important exhaust 
gas species and the conversion rates in the Pd-based catalytic 
converter. It is noticeable that the conversion rates are sig-
nificantly worse for the measurements in dithering mode. The 
 CH4 raw emissions are slightly higher without dithering than 
those with. This could be due to a lower impact of deflections 
towards rich conditions compared to the ones towards lean con-
ditions where the maximum burn rate of methane is reached 
and therefore the unburnt methane residues are reduced. The 
opposite is the case with CO. Here, the low-oxygen operating 
ranges during dithering seem to have a greater influence on the 

raw emissions, so that on average there is almost a doubling 
compared to the purely stoichiometric mode.

From an engine point of view, the thermodynamic 
parameters and the influence on engine operation are of par-
ticular interest. During a measurement, 200 working cycles 
are recorded and evaluated. Figure 7 compares the averaged 
pressure curves of the measurement once with and once 
without dithering. Only very slight differences in the peak 
pressure are seen. Another thermodynamic parameter that 
is used in the engine context to assess the engine smooth-
ness is the coefficient of variation (COV) in relation to the 
IMEP. The greater the COV, the greater the cyclical fluctua-
tions and thus the smoothness of an engine operation. In this 
case, the COV of the IMEP increases from 0.6% without 
dithering to 1.6% with dithering. This can be attributed to 
the lambda fluctuations, which thereby results in a cyclical 
change in the cylinder charge composition.

The engine-out raw emissions were led through a bypass 
of the exhaust line (c.f. Fig. 2) to mimic real-world applica-
tion parameters such as the temperature and GHSV at the 
catalyst and simultaneously allow for spatial profiling. Spa-
tially resolved gas-phase species concentrations along the 
monolithic PdO/Al2O3 catalyst are depicted in Fig. 8. The 

Table 10  Overview of the mean 
values of certain exhaust gas 
species

Condition CH4 NO CO C3H6 C3H8 O2 H2O T GHSV
ppm ppm ppm ppm ppm % % 105 1/h

Without dithering Before cat 1256 2653 2305 2.93 14.07 0.53 17.5 668 2.0
After cat 284 666 214 0.20 1.82 0.02 18.7 587 1.9
Conversion rate 77% 75% 91% 93% 87% 97%

With dithering Before cat 1201 2736 3910 3.34 10.75 0.77 18.5 661 2.0
After cat 431 1703 1757 1.83 1.74 0.40 18.2 587 1.9
Conversion rate 64% 38% 55% 45% 84% 49%

Fig. 7  Comparison of mean cylinder pressure graphs Fig. 8  CH4 concentration along catalyst
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second highest profile at 60 mm corresponds to a combus-
tion lambda value of 1.4 and an operating load of 30%, which 
results in an exhaust gas temperature of 530 °C at the inlet 
and 460 °C at the outlet of the catalyst with a total GHSV of 
155.000  h−1. With inlet conditions of 13.5%  H2O and around 
1050 ppm  CH4, the methane conversion inside the catalytic 
channel reaches a maximum of 50% after 20 mm. While the 
 CH4 concentration decreases almost linearly in the front zone 
of the catalytic channel, the clear maximum in conversion as 
well as the rise in methane concentration after the monolith 
can be explained due to the unavoidable interaction between 
the capillary and the gaseous flow field as discussed in the lit-
erature [33]. In conclusion, the low cell density, the moderate 
exhaust temperature, high water concentrations that inhibit 
 CH4 activation over the PdO/Al2O3 catalyst and a high mass 
flow result in the overall low  CH4 conversion of around 33%.

Reducing the lambda value to 1.2 (top profile in Fig. 8) 
results in an increased exhaust temperature, i.e. 576 °C at 
the inlet and 490 °C at the outlet of the catalyst, as well as 
a slightly lower GHSV of 150.000 1/h, which leads to an 
improved methane conversion. As can be seen in the figure, 
a maximum  CH4 conversion of 47% is achieved with raw 
exhaust gas concentration of 1135 ppm  CH4 being emitted 
by the engine. Technically more species can be monitored 
with the spatially resolved FTIR measurement; however, for 
the sake of clarity, only methane emissions are being showed 
and discussed for the natural gas engine. Due to the lower 
fuel-to-air ratio, more water is being emitted with a concen-
tration of 16%. Again, the methane concentration declines 
linearly over the whole length of the monolith channel.

While further decreasing the air-to-fuel ratio to 1.0 and thus 
stoichiometric conditions, the overall load of the engine was 
increased to study a different operating point of the engine. 
As a consequence, not only an increase in space velocity to 
195.000  h−1 is observed, but also higher exhaust temperatures 

of up to 670 °C were achieved at the catalyst that result in 
higher methane conversion. The engine-out raw emissions of 
approx. 1160 ppm methane are almost fully oxidized over the 
PdO/Al2O3 catalyst sample. Spatial profiling uncovered a steep 
decrease of the  CH4 concentration along the catalyst with a 
maximum  CH4 conversion of 98% after 25 mm. Similar to the 
other profiles, the  CH4 concentration increased again towards 
the catalyst outlet (86%) due to the reasons discussed above. 
Overall, despite the presence of 18%  H2O and the higher space 
velocity, the higher engine load also leads to an increased 
exhaust temperature that allows for an improved methane 
conversion.

Finally, the engine was operated under dithering condi-
tions. Compared to steady stoichiometric engine operation, 
exhaust temperatures and the GHSV remained essentially 
constant with values of around 660 °C and 195.000  h−1, 
respectively. The methane emission however decreased to 
about 1080 ppm  CH4 on average. As depicted in Fig. 8, the 
profiles obtained under lambda 1.0 standard operation and 
dithering strongly resemble and both exhibit a comparably 
steep almost linear decrease of  CH4.

Note that despite the high water concentrations of up to 19%, 
the catalyst performance remained mostly stable during the 
axial profiling experiments at lambda 1.0. Herewith, our results 
confirm earlier results [6, 13], namely a decreasing relevance 
of water inhibition at elevated temperatures as present herein 
(660–670 °C) and at stoichiometric conditions. In addition, dith-
ering conditions can stabilize conversion rates over time because 
rich conditions [21], even if only applied very shortly, facilitate 
the desorption of hydroxyl groups from the catalyst surface that 
would otherwise block active sites [22]. Regarding the stabil-
ity of the catalyst, a stabilizing effect of the dithering mode is 
noticeable compared to the static mode where an increase of the 
post-catalyst emissions can be seen (Fig. 9).

Fig. 9  CH4 concentrations over 
measurement time with the 
higher level of emissions repre-
senting the pre catalyst values 
and the lower level showing the 
one measured post-catalyst
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4  Conclusion

To investigate the influence of exhaust gas conditions of 
lean-burn gas engines on a methane oxidation catalyst (PdO/
Al2O3), a serial engine that is originally operated under stoi-
chiometric conditions was converted to supercharged opera-
tion. It was then coupled with an exhaust system that enables 
to investigate the impact of real exhaust gas conditions onto 
a catalyst sample produced on a laboratory scale. This is 
realized with the help of a bypass line in which the sample 
can be installed interchangeably. To ensure real conditions 
at the catalytic converter, a reference location is first defined 
that would correspond to the installation location of a series 
catalytic converter. This is usually after the turbocharger. 
Since no series turbocharger is available in this test set-up, 
the reference point is defined behind the backpressure valve 
(simulation of the flow resistance of the turbocharger). A 
throttle valve is used to control the exhaust gas mass flow 
and thus the space velocity at the sample so that it corre-
sponds to the one at the reference position. The catalytic 
converter volume for the reference GHSV calculation equals 
the volume of the series catalytic converter and thus con-
siders the retrofit idea. Another important parameter is the 
temperature, which is also controlled to the temperature at 
the reference point with the help of a heating tape. The qual-
ity of the control is shown by the deviation of the setpoint 
values from the actual values of the space velocities aver-
aged over the operating points which is 0.1% on average 
across all measurements. Furthermore, a comparison of the 
pressure conditions at the catalytic converter with those after 
the engine shows that the pressure pulsation resulting from 
real engine operation is also passed on to the sample in the 
bypass line.

With the novel experimental setup, it is now possible to 
measure detailed exhaust gas compositions under realistic, 
technically relevant conditions upstream and downstream of 
the sample using an FTIR spectrometer. This measurement 
setup is then used to carry out exhaust gas tests during two 
important operating modes. To simulate exhaust gas bound-
ary conditions as they are found in maritime and stationary 
applications, lean operation is investigated first and finally 
compared with stoichiometric operation. Particular focus is 
laid on dynamic lean-rich cycling, the so-called dithering, 
to evaluate whether the short rich phases that are known to 
regenerate deactivated Pd-based methane oxidation catalysts 
can contribute to high and stable catalyst performance. A 
random test with an exhaust gas recirculation rate of 10% is 
considered as well.

With regard to NO, the catalytic converter shows no con-
version under lean conditions. In dynamic operation under 
lean-rich cycling around lambda equal to 1, the formation of 
 NO2,  N2O and  NH3 in the catalytic converter increases and 
CO as well as NO conversion is overall low, which is due 
to the short rich phases. Therefore, aftertreatment by means 
of SCR is necessary for technical applications to reduce the 
 NOx emissions. In this case, the formation of ammonia in the 
Pd-based oxidation catalyst may prove useful as a reducing 
agent and at least a partial substitute for urea injection for 
SCR aftertreatment (passive SCR) for stoichiometric condi-
tions. However, as no  NH3 is formed under the lean condi-
tions and the formation rates in the stoichiometric case are 
only just sufficient to reduce the currently occurring nitrogen 
oxides, the ammonia formed by the catalysis cannot substi-
tute urea for lean operation. Furthermore, high engine-out 
nitrogen oxide levels and particularly the formation of  NO2 
over the catalyst may help to mitigate water inhibition of 
 CH4 oxidation over PdO/Al2O3. Sulphur species that poi-
son Pd-based catalysts were found to originate from the fuel 
itself as well as from engine oil, with the latter being par-
ticularly critical as comparably high sulphur levels can occur 
at least temporarily. Overall, the  CH4 conversion over the 
PdO/Al2O3 catalyst was higher under lean conditions than 
that in stoichiometric operation. Dynamic lean-rich cycling 
around lambda = 1, the so-called dithering, stabilizes the 
catalytic activity and prevents the well-known deactivation 
of Pd-based catalysts induced by water. The beneficial effect 
of dithering is attributed to the short rich phases that facili-
tate the desorption of hydroxyl groups that would otherwise 
block active sites.

In addition to raw exhaust gas analysis and end of pipe 
measurements, the exhaust gas composition was analysed 
within a single catalyst channel using a capillary technique 
designed for obtaining spatially resolved gas-phase species 
concentration profiles. The profiles uncovered an almost lin-
ear decrease of the  CH4 conversion along a single catalyst 
channel for all conditions tested. Switching from leaner to 
richer engine operation modes clearly influenced the catalytic 
activity, which can be attributed to the complex interaction of 
exhaust gas temperature, space velocity and species concen-
trations. The coupling of a full-scale engine test bench with 
the SpaciPro technique for investigating catalyst samples with 
spatial resolution allows to deconvolute the various phenom-
ena taking place on the catalyst simultaneously in realistic 
exhaust gases. Future investigations will therefore allow to 
harmonize engine control strategies with catalyst operation 
modes to minimize the emissions from gas engines. 
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Appendix

See Table 11.
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Table 11  Overview of the used measurement devices

Analyser Measuring principle Manufacturer Measuring location/measuring 
medium

Gas composition IRD CO2/COh Non-dispersive infrared analyser  CO2/
CO high

AVL Raw exhaust gas and after catalyst

PMD O2 Paramagnetic O2 analyser AVL Raw exhaust gas and after catalyst
IRD 4000 COl Non-dispersive infrared analyser CO 

low
AVL Raw exhaust gas and after catalyst

CLD 4000 hhd Chemiluminescence detector undi-
luted, hot measurement

AVL Raw exhaust gas and after catalyst

Cutter FID I60 LHD Flame ionization detector diluted, hot 
measurement

AVL Raw exhaust gas and after catalyst

FTIR Fourier transform infrared spectrom-
eter

IAG Raw exhaust gas and after catalyst

Lambda-Meter Lambda ETAS Raw exhaust gas
Lambda-Sensor LSU4.9 Lambda Bosch Raw exhaust gas
URAS Non-dispersive infrared analyser ABB CO2 composition at inlet and exhaust
TOTALFLOW Gas chromatograph ABB Natural gas
AFK-G Humidity Kobold Charge air

Pressure indication 6056AU20 High pressure relative Kistler Cylinder 1
6056AU20 High pressure relative Kistler Cylinder 2
6056AU20 High pressure relative Kistler cylinder 3
4075A10V39 Low pressure absolute Kistler Intake manifold
4049A5S Low pressure absolute Kistler Exhaust gas after engine
4075A10V200S Low pressure absolute Kistler Exhaust gas before catalyst
4045A5 Low pressure absolute Kistler Exhaust gas after catalyst

Flow measurement EcoRPM Volume flow via rotary piston gas 
metre (rotary piston metre)

RMA Charge air

PROMASS 83 Mass flow via Coriolis Endress + Hauser Natural gas
DF8 Mass flow via differential pressure 

transmitter
Systec Exhaust gas in bypass
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