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Abstract
To mitigate the detrimental effects of ever increasing consumption of fossil fuels
by the transport sector on urban air quality and the global climate, despite the
continuous tightening of emissions legislation for road transport, necessitates further
development of exhaust after-treatment systems and renewable fuels. To this end, it
is vital that strategies for enhancing low temperature efficiencies of after-treatment
catalysts be developed and that they can operate in synergy with the combustion of
oxygenated renewable fuel blends. One such strategy is the upstream injection of
hydrogen (H2 ), which has shown to be effective in a lean exhaust environment but
has received little attention in the context of stoichiometric GDI engine exhaust.
The experimental studies in this work were carried out on a modified spark-ignition
engine, equipped with hydrogen introduction and variable emission extraction capabilities to investigate commercially available after-treatment devices in a real exhaust
gas environment. The system was built and commissioned for a precise H2 addition upstream of a three-way catalyst (TWC), as well as long and short duration
experiments for varying fuel blends, so as to investigate the effect of H2 addition (H2
levels up to 8000 ppm) and various oxygenated drop-in blends on the conversion
performance of different TWC’s.
Small amounts of H2 addition showed a reduction in light-off temperature for the
legislated gaseous emission species and increasing H2 addition levels resulted in a
decrease in steady-state oxidation conversion rates. H2 was also found to decrease
the time for particulate levels to reach stable conditions downstream of the TWC. A
reduced light-off temperature was found with shorter oxygenated drop-in molecules,
an effect which decreased with increasing chain length or complexity of the drop-in
molecule. Any fuel effect on tailpipe particulate levels was inferior to the capability
of the TWC to oxidise and trap small sized particles.
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Impact Statement
The aim of this research was to evaluate the effects of H2 addition and the composition of exhaust gas produced by oxygenated drop-in fuel blends on the conversion
performance of commercial TWCs in a real exhaust environment. The findings have
potential impacts on academic and non-academic research and development in the
fields of catalysts and alternative fuels.
In an academic context, the reduction in light-off time and temperature with
low level H2 addition could initiate research into advanced materials and structures
for automotive catalysis to utilise the beneficial H2 effect further, while the investigated H2 levels could act as a threshold for the experimental design of subsequent
research. Furthermore, the positive impact of various oxygenated drop-in blends on
the conversion behaviour of a TWC has demonstrated the importance of considering
fuel composition in future investigations and will provide guidelines for the research
and selection of future biomass derived blending molecules based on their impact
on TWC’s. Finally, the findings indicate a synergy of H2 addition and alcohol fuel
blend produced exhaust gas, a new avenue of investigation for the improvement of
catalytic conversion performance, which has not previously been explored.
Additionally, this project has led to a new industry partnership with Johnson
Matthey and several very productive meetings with experts in automotive-related
catalytic conversion, with a follow-up PhD scholarship in the process of being established as a direct result of this PhD project.
Within a non-academic environment, it has been shown that H2 addition is
a viable strategy for reaching steady particulate levels post TWC and maximum
conversion efficiencies for gaseous emissions faster during legislated drive cycles,
which would decrease the level of cumulative emissions after engine start. In combination with a coated gasoline particulate filter, if employed by an after-treatment
manufacturer, H2 will decrease regeneration cycles of the filter, while maintaining
the positive impact on gaseous emissions. Especially within the context of increased
light-duty vehicle (LDV) hybridisation, with temperatures potentially dropping below
the TWC light-off temperature during electric operation of hybrid LDVs, vehicle
manufacturers can utilise H2 addition to avoid tailpipe emission breakthroughs.
The increased electrical energy availability on-board would enable the production
of low H2 amounts for light-off improvement with a small electrolyser unit during
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engine operation. Additionally, with the aim of decreasing GHG emissions in the
transportation sector, this work has shown that a variety of oxygenated drop-in
molecules are potentially suitable to replace gasoline at ratios up to 20 % (a potential
future European blending level) without negatively affecting the performance of a
state-of-the-art TWC. This increases the understanding of potential future fuel blends
utilised in established automotive environments for fuel companies and legislative
bodies to design legislation and develop future fuels.
To date, this work has resulted in one peer-reviewed technical paper approved
for publication, with further publications based on this work under preparation:
Kärcher, V., Hellier, P., Ladommatos, N., “Effects of Exhaust Gas Hydrogen Addition and Oxygenated Fuel Blends on the Light-Off Performance of a Three-Way Catalyst”, SAE Technical Paper SAE2019-01-2329, 2019, DOI: https://doi.org/10.4271/201901-2329.
Selected results from this project have been presented at the following national
and international meetings:
• EPSRC Ultra Efficient Engines and Fuels Project, Industry Steering Group
Meeting 12/2017, Brunel University London, UK.
• JSAE/SAE 2019 International Powertrains, Fuels and Lubricants Meeting
(PFL2019), Kyoto, Japan.
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Chapter 1
Introduction
Fossil fuels have been a driver for development and increasing wealth in many
countries over the last century, especially in connection with the automotive industry.
Unfortunately, the high demand and consumption of fossil fuels in the automotive
industry have resulted in several negative impacts on the global climate and public
health. Current powertrain development trends towards hybridisation, electrification
and fuel cells show that alternatives for the transition to a low- or zero-carbon future
are increasing. Nevertheless, necessary coherent changes in the renewable energy
generation, infrastructure and appropriate legislation are making the ongoing cuttingedge research in internal combustion engines still inevitable. According to Johnson
and Joshi (2017) and Kalghatgi (2018), despite increasing levels of hybridisation
and electrification in the light-duty vehicle sector, the internal combustion engine
is expected to dominate the transportation industry for the foreseeable future, and
the global number of LDVs is estimated to reach 2 billion in 2040, almost doubled
from 1.1 billion in 2015 (Matthew Nitch Smith, 2016). Therefore, improvements in
thermal efficiency, alternative fuel compositions and after-treatment devices can help
to reduce the negative effects that arise from the use of combustion for transport on
cities, humans and future generations.
Ever since the first emission legislation in the United States in the 1960s and the
first mandatory catalytic converter regulations in the European Union (EU) roughly
25 years ago, automotive companies are continuously reducing the levels of harmful
species and greenhouse gases (GHG) emitted from their products (Hagelüken, 2016).
Highly populated countries like China and India are also implementing regulations
for light- and heavy-duty engines to tackle the global aim for GHG reduction and to
improve local air quality (Joshi, 2019). In order to be able to meet stricter future
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regulations, after-treatment devices and other emission reduction strategies need to
be developed and improved alongside the engine itself.
One possible way of increasing the efficiency of after-treatment devices and
meeting those requirements is the addition of hydrogen to the exhaust gas prior
to the after-treatment device. Its high mass based heating value, around three
times higher than gasoline, makes it a highly researched topic as fuel, partial fuel
replacement or improver for catalytic reactions and several previous studies have
observed a so-called “Hydrogen effect” on the conversion performance of different
devices. Hydrogen and its high reactivity, as well as the carbon-free process of
H2 oxidation, shows beneficial effects in converting the legislated species carbon
monoxide (CO) (Salomons et al., 2006), hydrocarbons (Herreros et al., 2014a) and
nitrogen oxides (NOX ) (Sadokhina et al., 2011). Furthermore, enhancements in the
regeneration of particulate filters and other commercialised after-treatment devices
with hydrogen addition have been reported (DiMaggio et al., 2009; Park et al., 2010).
Additionally, to mitigate the potentially catastrophic and irreversible effects of
anthropogenic climate change driven by global fossil fuel consumption, oxygenated
fuel alternatives, with a sustainable CO2 life cycle footprint, could help to reduce the
fossil fuel dependency in the transportation sector, either as fuel blending components
and partial or total fuel replacements, to achieve the commitments set in the Paris
Agreement in 2016.

1.1

Combustion Fundamentals

Any combustion process needs an energy source, which can be readily oxidised. In
the case of internal combustion engines, these are different organic fuels primarily
comprised of carbon and hydrogen, such as gasoline or diesel. For the release of the
chemical energy contained in those fuels, oxygen (O2 ) is required, which is present in
breathable air at a concentration of about 21 %. The other major components of air
are nitrogen (N2 ) (78 %), argon (0.9 %), carbon dioxide (CO2 ) (0.03 %) and other
trace gases (Heywood, 1988).
Furthermore, the ratio of fuel energy available to oxidiser is eminently important
and can be expressed as either the air-to-fuel- (AFR) or the fuel-to-air ratio (FAR),
which can be used as a value to determine engine operating conditions (Heywood,
1988). However, to exactly identify the amount of air needed to burn a particular
amount of fuel, the fuel composition needs to be accounted for, especially its hydrogen
to carbon ratio (H/C). The value which describes the theoretical amount of air and

30

1.1 Combustion Fundamentals
fuel needed for complete combustion is defined as the stoichiometric AFR. It describes
a combustion reaction, where exactly the correct number of oxygen atoms are available
to oxidise all components of the fuel completely. Equation 1.1 depicts the theoretical
combustion formula for the reaction of any hydrocarbon fuel with air as per Heywood
(1988).
Cx Hy  x 

y
4

y
y
xCO2  H2 O  3.773 x 
N2
2
4

O2  3.773N2 

(1.1)

with the H/C-ratio (Equation 1.2) defined as
y
x

z

(1.2)

By substituting the molecular weights of all species present, it can be shown
that the stoichiometric AFR is directly related to the H/C-ratio of the fuel utilised
(Equation 1.3).
A

F

z

1  4  32  3.773 28.16
st

12.001  1.008z

34.56 4  z 
12.011  1.008z

(1.3)

Therefore, the complete combustion (Equation 1.1) of a hydrocarbon fuel should
theoretically result in only water vapour, carbon dioxide and the released reaction
energy, however, due to the complexity of an internal combustion engine and permanently changing boundary conditions, the stoichiometric AFR is hardly achievable in
real-world applications, leading to the formation of undesired combustion products,
which are discussed in more detail in Chapter 2. Consequently, the quotient of the
actual and the stoichiometric AFR is defined as lambda (λ) or the inverse of λ as
the equivalence ratio (ϕ) (Equation 1.4).
A

λ

F 

F

act

ϕ

A
F 
st

A

act
F
A
st

(1.4)

If an insufficient amount of oxygen is present in the mixture compared to the
amount of fuel, it is called fuel-rich (rich), and with an excess of oxygen in the
process, it is called fuel-lean (lean). The following summarises the different regions
relative to λ and ϕ (Heywood, 1988).
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Rich composition:

λ < 1; ϕ > 1

Stoichiometric composition:
Lean composition:

λ=ϕ=1
λ > 1; ϕ < 1

Furthermore, it can be derived from Equation 1.1 that less fuel supplied to the
combustion process per combustion cycle results in a leaner overall composition for
a constant mass of air, which can lead to a lower fuel consumption per cycle, as
long as sufficient fuel for that specific engine operating point is still supplied. Hence,
fuel consumption can be directly linked to the CO2 emissions of a LDV. According
to Steinberg and Goßlau (2015), Equation 1.5 connects the mass of CO2 (mCO2 )
emitted to the fuel consumption of an engine, with mf uel being the mass of fuel used
and CO and HC the emission factors of each species emitted.
mCO2

0.85mfuel 0.429CO  0.866HC
0.273

(1.5)

As a result, every measure to increase the efficiency of an engine is directly
connected to a reduction in specific CO2 emissions. Moreover, Equation 1.5 links
the fuel composition to the level of CO2 in the exhaust. For example, the higher
carbon content and higher density of fossil diesel compared to fossil gasoline, despite
its higher calorific value (by volume), results in slightly higher, volume-based CO2
emissions than a gasoline engine with an equivalent fuel consumption (Steinberg
and Goßlau, 2015). In the course of the VW scandal, the market share of new LDV
registrations with diesel engines in the EU decreased between 2015 and 2017 from
51.5 % to 44 %, and another 8.1 % in 2018, while the registration for petrol operated
LDV increased by 12.5 % in the same time frame, from 44.2 % to 56.7 % (ACEA European Automobile Manufacturers’ Association, 2018).
The share of alternative operated LDV’s (electric, hybrid-electric, other than
electric) increased from 4.3 % in 2015 to 7.3 % in 2018. The majority of sparkignition engines are operated at a stoichiometric AFR which is necessary to ensure
the high conversion efficiency of the TWC to reduce pollutant emissions, despite CO2
emissions reaching their maximum around stoichiometric combustion. Even though
CO2 is already present in the air, the increase of atmospheric CO2 concentration is a
major contributor to anthropogenic climate change, which is why it is labelled as a
GHG. CO2 is defined as having a heating factor of one and the heating factor of other
GHG are calculated based on CO2 (Baede et al., 2007). Consequently, a reduction
or (partial-) substitution of hydrocarbon fuels can decrease transport sector related
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CO2 emissions. The output of CO2 from the automotive industry was not directly
restricted until 2015; however, the European Automobile Manufacturers’ Association
restricted themselves to a specific fleet CO2 emission level (Official Journal of the
European Communities, 1999). In 2014 the European Union implemented a CO2
fleet emission regulation for newly introduced vehicles of 95 gCO2 /km in 2020, with
a one year phase-in period (Mock, 2014). A more detailed description of European
emission legislation is outlined in the following Section 1.2.

1.2

Emission Legislation

The first emission regulations were introduced in California more than 50 years ago
with the "Clean Air Act" (Pucher et al., 2015). California, with a special geographical
location and climate, still has one of the most stringent legislation throughout the
world. Tailpipe emission limits and test procedures for the automotive industry in
the United States are set by the California Air Resource Board (CARB) and the
Environmental Protection Agency (EPA) and are continually being reduced towards
a zero-emission vehicle (Hagelüken, 2016; Pucher et al., 2015). Sophisticated engine
calibration and after-treatment systems became essential to comply with emission
regulations, and catalytic converters have been mandatory for newly registered
vehicles in the European Union since 1993 (Hagelüken, 2016).
Nowadays, many countries all over the world have laws specifying the compulsory
use of after-treatment systems in LDV’s to reduce harmful tailpipe emissions and GHG
regulations to lower fuel consumption. Highly populated and newly industrialised
countries like China, India and Brazil have announced ambitious legislation to reduce
GHG emissions and tackle air quality problems (Joshi, 2019). India’s BS VI and
China’s China 6 emission standards, which are based on European regulations, will
be introduced nationwide in 2020 to help reduce LDV emissions in the two most
populated countries on earth. The announced "Blue Sky" policy in China further
addresses the issue of air quality in densely populated areas, forcing local governments
to act in a 3-year plan to reduce NOX , sulfur oxides (SOX ) and particulates in the
transportation sector. Additionally, at the beginning of 2019 the EU announced a
further reduction of the CO2 LDV fleet emission targets of 15 % and 37.5 % for 2025
and 2030 respectively, resulting in fleet targets of 81 gCO2 /km and 59 gCO2 /km
compared to the 95 gCO2 /km baseline in 2020.
The certification of vehicles for compliance with emissions regulations is a complex process in which legislated tailpipe emissions and specific fuel consumption,
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consequently CO2 emissions, are measured for different drive cycles on a chassis
dynamometer. The European Union’s driving cycle, NEDC (New European Driving
Cycle), was used since 2000 without significant adjustments (Ecopoint Inc., 2017)
and was replaced by the World harmonised Light vehicles Test Procedure (WLTP),
and its associated driving cycles WLTC, in September 2017, with the aim of a better
representation of real-world customer usage. The WLTC significantly increased the
cycle duration (+ 52.5 %) and maximal acceleration (+ 51.8 %), while at the same
time reducing the idling periods of the cycle (- 11.4 %). Figure 1.1 visualises the speed
profile for the NEDC, split into the urban driving cycle (UDC) and the extra-urban
driving cycle (EUDC), and the WLTC cycle with its four parts, low, medium, high
and extra-high and the main differences between both cycles are highlighted in Table
A.1 attached in Appendix A.
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Extra High

140
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120

NEDC
WLTC

Speed [km/h]
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Figure 1.1: Speed profile comparison for the NEDC and WLTC driving cycle
Even though the WLTC represents an improvement relative to the NEDC, it
is challenging to replicate average driver behaviour in a laboratory setup, without
considering environmental influences. Furthermore, road based emission tests have
shown discrepancies compared to dynamometer tests, which resulted in the need
for on-road approval testing (Department for Transport, 2016). The process of
implementing an on-road test procedure was accelerated by the Volkswagen diesel
scandal and subsequent increased public focus on emissions testing (Department for
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Transport, 2016). The EU passed regulations for Real Driving Emissions (RDE)
th
on 10 March 2016, which were implemented, in addition to the existing test
st
st
procedures, on 1 September 2017 for all new certified types and 1 September
st
st
2019 for all new cars with a transition period until the 1 January 2020 and 1
January 2021 respectively (Mock, 2017). During this period a conformity factor has
been introduced to allow the automotive manufactures to implement the regulations,
as well as for companies developing the portable emission measurement systems to
improve accuracy, stability and repeatability, with a regular review of the conformity
factor based on equipment advancements. RDE legislates NOX and particulate
number emissions with "Not to Exceed" limits, as well as mandating the recording of
CO emissions, which are based on the Euro 6 LDV emission standards multiplied by
the conformity factor. The International Council on Clean Transportation published
a comprehensive summary of all boundary conditions and thresholds for RDE, and
the full statute is available in the Commission Regulation (EU) 2016/427 (European
Union, 2016; Mock, 2017).
Furthermore, the European Union has consistently reduced the permissible levels
of pollutants in emission standards since 1992, with the Euro 6d-temp legislation
currently used to certify passenger cars. The current standards are described and
based on regulation (EC) No 715/2007 on type-approval of motor vehicles with
respect to emissions from LDV passed by the European Parliament in June 2007
and amended in May 2012 according to regulation No 459/2012 (European Union,
2007, 2012). Table 1.1 summarises the progress of emission legislation since 2000,
which additionally requires manufacturers to ensure compliance with these standards
for pollution control devices over a durability range of 160,000 km for passenger
cars. The LEV III legislation (implementation phase 2015-2025) in the United States
stipulates that the emission standards must be complied with for a car lifecycle of 15
years, equivalent to a driving distance of over 240,000 km (Reif et al., 2015).
Table 1.1 shows the European tailpipe emission limit development since 2000 for
the gaseous species CO, THC, NOX and non-methane hydrocarbons (NMHC) for all
gasoline operated LDV’s, as well as the particulate mass and number limits for SI
engines utilising a direct-injection (DI) fuel system, with Euro 6 standards currently
used for all certification processes. Already introduced or expected global emission
regulations such as China 6b or a potential Euro 7 regulation might further reduce
tailpipe emission levels or limit species like ammonia and aldehydes, not previously
regulated. Combined with the already announced tightening of fleet CO2 targets,
further improvements in the efficiency of the after-treatment devices utilised and fuel
composition are inevitable.
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Table 1.1: EU light-duty tailpipe emission standards for positive ignition (gasoline)
passenger cars below 2500 kg (European Union, 2007)

Stage

Date

CO

THC

NMHC

NOX

PM

mg/km

PN
#/km

Euro 3

01/2000

2300

200

-

150

-

-

Euro 4

01/2005

1000

100

-

80

-

-

Euro 5

09/2009

1000

100

68

60

-

-

Euro 5b

09/2011

1000

100

68

60

5.0a

-

Euro 6

09/2014

1000

100

68

60

5.0a

11a

6.0×10

a = applicable only to vehicles using DI engines

1.3

Structure of the Thesis

The thesis is structured in nine chapters, starting with a review of the relevant
literature in Chapter 2. Chapter 3 provides a detailed description of the experimental,
control and processing equipment, followed by an outline of the methodology in
Chapter 4. The experimental investigation commences in Chapter 5 with the influence
of different levels of hydrogen added upstream of different three-way catalysts on
their conversion performance for gaseous and particulate exhaust species. Chapter 6
describes the engine-out emission levels of the research engine with varying oxygenated
fuel blends and Chapter 7 examines the effect of these fuel blends on the conversion
performance of a commercial three-way catalyst. The effect of hydrogen addition and
various oxygenated fuel blends is presented in Chapter 8, and Chapter 9 summarises
the most relevant conclusions of the current work and offers some suggestions for
future work. Supplementary data and graphs which were not deemed necessary for
the main parts of the thesis are included in the Appendices for completeness.
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Chapter 2
Literature Review
This literature review provides a brief description of the main reaction mechanisms
resulting in the formation of legislated pollutants in spark-ignition engines, followed
by a discussion of the composition of monolithic catalysts (substrate and washcoat),
including the main kinetic and deactivation mechanisms, and the governing features
of three-way catalytic conversion. The influence of hydrogen addition on different
after-treatment devices is examined, and the chapter concludes with an overview of
potential paths for the production of oxygenated biofuels, and the effects of these
fuels on emissions formation and catalytic converter performance.

2.1

Emissions Formation

Fundamental understanding of internal combustion engine emissions formation,
especially for the species limited by legislation, is paramount for understanding of
the engine-out exhaust gas composition that the TWC operates in and how adding
species into the exhaust or changing the composition by utilisation of oxygenated
fuel blends may impact the TWC light-off performance and conversion efficiency.
The complexity of the combustion process, the basis for emission formation, increases
with the complexity of the burned fuel molecule, which in the case of hexane
combustion, for example, leads to about 450 different species and 1,500 reactions
used to describe the complete reaction mechanism (Merker and Eckert, 2015). Besides
the fixed influences of engine design on pollutant levels (Heywood, 1988), variations
of operation parameters, like load and speed, ignition-/ injection timing and AFR,
which can vary up to ± 10 % with each combustion cycle (Heywood, 1988), directly
affect the engine-out emission levels (Winkler et al., 2015). Figure 2.1 exemplifies
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(Eckert and Rakowski, 2012); however, certain species might have a more severe
impact than legislated emission species. The basic reactions paths and boundary
conditions for legislated pollutants are explained in the following sections.

2.1.1

Carbon Monoxide

Carbon monoxide, a colour- and odourless gas (which makes the detection of CO
exposure very difficult), has a toxic effect on humans by reducing the oxygen storage
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capability of red blood cells (Breuer et al., 2015), potentially causing severe symptoms
including headache, throbbing or even collapse and coma, depending on the exposure
duration and concentration (Myers et al., 1973). The main driver for the amount
of CO produced in a combustion process is the AFR (Figure 2.1a), which leads in
the case of a close to stoichiometric operated SI engine to CO being the largest
constituent of all regulated species reaching values up to one volume per cent, and
even higher levels in rich combustion at full load (Heywood, 1988). With lean burn
gasoline engines, which are easily viable through DI systems, a reduction of CO levels
is accomplished with the overall excess of oxygen, but a stoichiometric region close to
the spark plug still produces appreciable levels of CO. Bowman (1975) summarised
the formation of carbon monoxide during hydrocarbon combustion and stated that
the CO formation happens quickly in comparison to the subsequent oxidation process,
with R representing a hydrocarbon radical in Equation 2.1.
RH

R

RO2

RCHO

RCO

CO

(2.1)

D’Alleva and Lovell (1936) investigated the effect of the AFR on exhaust gas
composition, highlighting that the chemical equilibrium of the water-gas shift (WGS)
reaction (Equation 2.17) cannot adequately describe the levels of CO in the exhaust
of spark-ignition engines. Further research by Starkman (1969), Newhall (1969,
1973), Myers et al. (1973) and Bowman (1975) observed CO oxidation with hydroxyl
(OH) radicals as the dominant pathway during the hydrocarbon combustion process
(Equation 2.2).
CO  OH

 CO

2

H

(2.2)

It was pointed out that the oxidation of carbon monoxide is in equilibrium during
the combustion process but becomes kinetically controlled during the expansion stroke,
leading to the differences in measured CO levels in the exhaust, in comparison to
the expected equilibrium exhaust condition. Additionally to the formation pathway
via OH-radicals, and so as to ensure that the cooling down process during the
expansion and exhaust stroke is not underrepresented, further elementary oxidation
reactions have been proposed to complete the kinetics calculation model for CO
emissions (Bowman, 1975; Newhall, 1969). The reactions with O2 and HO2 species
showed inferior importance relative to the faster hydroxyl reaction, which is the main
reaction path of CO oxidations in hydrocarbon flames, where a sufficient amount of
OH radicals are present.
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2.1.2

Unburned Hydrocarbons

The main driver of total unburned hydrocarbons in the exhaust of an SI engine is
incomplete combustion of the air-fuel mixture inside the cylinder. However, the
combustion process can also lead to increased levels of hydrocarbon species not
originally present in the utilised fuel composition, for example, aromatic molecules
like benzene and toluene, which are likely to be carcinogenic with extended exposure
(Winkler et al., 2015). As shown in Figure 2.1b, levels of THC significantly increase
towards very lean and very rich mixtures, where the HC fuel, partially or completely,
is not involved the primary combustion process either due to an insufficient amount
of oxygen available (e.g. rich mixture) or decreased combustion quality (e.g. lean
mixture) (Heywood, 1988), both leading to incomplete combustion caused by reduced
sustainability of the propagating flame front.
Heywood (1988) summarised potential HC emission sources inside an SI engine
where incomplete combustion can occur, with the quenching layer at the colder
combustion chamber walls extinguishing the flame as one of the main reasons,
pointing to the importance of the oil and coolant temperature to increase the cylinder
wall temperature. Additional sources mentioned are crevices inside the combustion
chamber not reachable by the flame front, for example, valve seats or the crevice
between the piston, the piston rings and the chamber wall. Reducing pressures during
the expansion stroke result in unburnt fuel returning to the combustion chamber
and being carried out during the exhaust stroke, with possible levels of post flame
oxidation throughout the expansion and exhaust stroke (Heywood, 1988). Figure
2.1b shows the high sensitivity of spark-timing on THC emissions, where a retarded
spark-timing could lead to a decrease in peak in-cylinder pressures and an increase
in exhaust temperatures, resulting in higher oxidation rates (Eckert and Rakowski,
2012).

2.1.3

Nitrogen Oxides

Nitrogen oxides are referred to within emission legislation as all combinations of
nitrogen and oxygen in the exhaust gas, with the main species being nitric oxide (NO),
nitrogen dioxide (NO2 ) and small amounts of nitrous oxide (N2 O). Nitric oxide, the
dominant component of nitrogen oxide species formed during the combustion process,
is colour- and odourless and primarily produced by the oxidisation of atmospheric or
fuel-bound nitrogen, slowly reacting further to NO2 in contact with oxygen (Winkler
et al., 2015). Nitrogen dioxide, in comparison, is a reddish-brown coloured, toxic
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gas with a biting odour and a negative effect on human respiration and a potential
source for acid rain and smog (Winkler et al., 2015).
The two main pathways of NOX formation are the thermal and prompt NO
formation mechanisms, where the thermal NO formation, first introduced by Zeldovich
et al. (1947), was defined with the following basic reactions (Equation 2.3 and 2.4)
for nitrogen and oxygen.
O  N2

NO  N

(2.3)

N

NO  O

(2.4)



O2

The mechanisms of thermal NOX formation was later extended by the research
of Lavoie et al. (1970) adding hydroxyl radicals (Equation 2.5) as an important
additional factor to NO formation, especially in close to stoichiometric conditions.
The combined reaction path is referred to as the extended Zeldovich mechanism
(Stone, 2012). Ensuing, comprehensive work was accomplished by Miller and Bowman
(1989), which resulted in rate parameters for these mechanisms.
N



OH

NO  H

(2.5)

The majority of nitric oxide is produced in the post flame gas of the combustion
process, with a high dependence on temperature, oxygen concentration, retention
time and pressure. This is emphasised by Figure 2.1c, where a close to stoichiometric
AFR and advanced spark-timing results in increasing peak in-cylinder pressure, by
moving the combustion closer to top dead centre, and thus increasing in-cylinder
temperatures resulting in higher NOX emissions (Heywood, 1988; Pucher et al.,
2015).
The prompt NO mechanism, first introduced by Fenimore (1971), described the
separation of N2 involving hydrocarbon radicals to form hydrocyanic acid (HCN )
and nitrogen according to Equation 2.6. This was complemented by the research
of Moskaleva et al. (2000) with cyanonitrene (N CN ) as part of the prompt NO
formation process (Equation 2.7), where HCN/NCN and N species are rapidly
oxidised further to NO.
CH  N2

 HCN

CH  N2

 N CN
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H
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The prompt NO mechanism is credited a role in nitric oxide formation, especially
in the flame front at rich conditions, continuing at lower temperatures which are
too cold for thermal nitrogen oxidation, as is formation from potential fuel-bound
nitrogen, which is negligible with today’s gasoline (Heywood, 1988; Stone, 2012).
NO2 is produced as part of the NOx formation process, though, the exhaust of
SI engines contains only low levels due to a faster decomposition of NO2 than
production (Eckert and Rakowski, 2012). Therefore, the thermal NO mechanism
from atmospheric nitrogen is considered to be the primary driver in SI engines
(Heywood, 1988).

2.1.4

Particulates

Particulates are defined as all materials potentially captured by a specifically sized
filter (Eastwood, 2007), which are a combination of soot (summarised as a solid
substance with approximately eight parts of carbon to one part of hydrogen and
a decrease in hydrogen content with soot maturity) and other liquid and solid
components emerging from the combustion process of an internal combustion engine
(Tree and Svensson, 2007). Particulate matter can additionally include wear metals
components, unburned or partly burned oil and bound water (Tree and Svensson,
2007). Particulates are produced in spark-ignition and compression-ignition (CI)
engines alike, nonetheless, because the SI engine emits not visible, sub-micron
particles, legislation regulating the output was only implemented in 2011 as described
in Section 1.2.
Particulate matter can have diverse effects on the environment, like reducing
visibility due to gloomy air in highly polluted areas or impacting the photosynthesis
capability of plants through blocked sunlight (Eastwood, 2007). The negative impact
of soot on humans was first mentioned by Pott (1775), who found an increased
probability of scrotum cancer with chimney-sweeps. In England and Wales, Henry
th
(1937) conducted one of multiple studies in Europe in the early 20 century, which
stated an increased number of chimney-sweeps diagnosed with different forms of
cancer. The International Agency for Research on Cancer evaluated, based on a
variety of different studies, that soot is, with sufficient evidence, carcinogenic to
humans (International Agency for Research on Cancer, 1985). Four years later, a
variety of diesel and gasoline engine exhaust components were found to be carcinogenic
or probably carcinogenic to humans (International Agency for Research on Cancer,
1989), an evaluation which was extended in 2012 with a variety of polycyclic aromatic
hydrocarbons (International Agency for Research on Cancer, 2012) (most likely one of
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the precursors to soot). Even though it is complicated and problematic to establish a
connection between disease and exposure to a pollutant, the impact on human health
arising from particle inhalation is considered to be highly dependent on the particle
size and the extent of penetration into the respiratory tract (Stone, 2012). The
International Organization for Standardization defined the following four deposition
curves for air quality in ISO 7708:1995(en) - particle size fraction for health-related
sampling (Eastwood, 2007):
• Inhalable - through nose and mouth
• Thoracic - penetration beyond the larynx
• Respirable - penetration beyond the ciliated airways
• High-risk respirable - pertaining the children or the infirm
Figure 2.2 shows the four deposition curves together with the legislative filter
40
restrictions PM2.5 and PM10, which encloses almost the full range of identified
harmful particulate sizes for the respiratory tract.
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Figure 2.3 implicates a step by step procedure, while Eastwood (2007) described
the individual steps, including oxidation, as concurrent, with changing predomination
at specific points. The formation of soot shown in Figure 2.3 starts with the pyrolysis
of the fuel during which the hydrocarbon chains are broken up without oxidation.
The endothermic and hence highly temperature dependent pyrolysis process leads to
the decomposition and rearrangement of organic compounds, producing unsaturated
hydrocarbons, especially acetylene, and polycyclic aromatic hydrocarbons, most
likely the two primary precursors to soot (Eckert and Rakowski, 2012; Tree and
Svensson, 2007). The condensation of gas-phase species results in the first measurable
solid cores (nuclei) of a soot particle (Dp = 1.5 - 2 nm), which are produced in large
numbers and are essential as active sites for further soot growth, but are inferior in
considerable mass (Heywood, 1988). The nucleation process is most distinct in the
primary reaction zone with high flame temperatures (1300 – 1600 K) and the highest
concentrations of radicals and ions.
Heywood (1988) defined the following phases together as particle growth, with a
division into the chemical processes of surface growth and coalescence (coagulation),
and a physical process of agglomeration. During surface growth, gas-phase hydrocarbons are captured at the reactive sites of the soot particles, increasing the size and
adding the majority of mass to the nuclei while maintaining the number of particles
constant, a process less dependent on temperature and radical availability.
In contrast, coalescence decreases the number of particles and increases size, while
maintaining the mass, due to two spherical particles colliding to form one spherical
primary particle with the combined mass of the two prior particles. The following
agglomeration leads to clusters or chains of primary particles sticking together while
keeping the original spherical shape, resulting in particle growth through the forming
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of larger congregations (Eastwood, 2007). Simultaneously in determining the absolute
soot levels, each stage of the soot formation can be terminated by the oxidation of
the soot particle with available oxygen or OH radicals to form gaseous products like
CO or CO2 . In rich and stoichiometric combustion, oxidation predominantly happens
via OH radicals, while in lean combustion O2 becomes an important oxygenate
(Heywood, 1988).
Typical primary particle and agglomerate diameters range between Dp = 20 –
70 nm and Dp = 100 nm – 2 µm respectively, with an high dependency on fuel
injection and engine operating conditions (Tree and Svensson, 2007). Kittelson (1998)
proposed a typical size distribution of particulates in diesel exhaust as trimodal,
with a nucleation (Dp < 50 nm) and an accumulation (Dp = 50 - 1000 nm) mode,
which is dominated by the particle number and mass respectively, and a coarse
mode with particles in the diameter range above Dp > 1 µm. However, the chosen
ranges are arbitrary, and the split between nucleation and accumulation mode is
possible anywhere from 30 nm to 100 nm (Stone, 2012). Particulates in gasoline
exhaust show a less distinct resolution, relative to diesel engines, which make the split
between the particulate modes more difficult (Kittelson et al., 2018). Additionally,
the range of commercially available gasoline fuel injection systems (PFI, GDI) and
combustion modes (stoichiometric, lean homogeneous, lean stratified) has resulted in
a significantly larger variety of particulate size distributions, sometimes leading to
unresolved modes, observed in gasoline exhaust (Bock et al., 2018; Kittelson et al.,
2018).

2.2

Heterogeneous Catalytic Conversion

A fundamental understanding of catalytic processes, especially heterogeneous catalysis, which accounts for approximately 80 % of all commercial catalytic processes
used in the automotive, oil refinery and petrochemical industry (Misono, 2013), is
necessary for a further discussion as to the influence of exhaust H2 addition on
automotive catalytic after-treatment systems (reviewed in Section 2.3). Figure 2.4
shows the basic concept of any catalyst used to promote a reaction by significantly
reducing the necessary activation energy for a selective reaction, in comparison to
the same reaction taking place without a catalyst.
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(2010))
2.2.1

Catalysis

Catalysts have been a driving factor of the
16 fuel and chemical industry in the twentieth
century, with utilisation in 90 % of all chemical process innovations and 60 % of
major product developments, by providing the following three attributes (Armor,
2011; Behr et al., 2010; Fechete et al., 2012).
Less resources - reduction of waste products through high reaction selectivity
Less energy - reduction in necessary activation energy for a specific reaction
Environment - reduction of toxic emissions in transportation, factories or plants
Catalytic processes, like sulphuric acid production in leaden condensing chambers
developed by J. Roebuck, were discovered more than 250 years ago and as early as
1817 Sir Humphrey Davy observed the promoting factor of platinum in combusting
coal gas with air (Armor, 2011), which led to the definition of a catalyst, for example
by the chemist Wilhelm Ostwald, as follows (Behr et al., 2010; Králik, 2014):
“A catalyst is a substance which without changing the equilibrium nor
appearing in the final product of a chemical reaction, changes its speed.”
Different global circumstances, for examples embargos, social needs or legislation
th
were driving forces in the development of catalytic process throughout the 20
century and resulted in the variety of catalyst and catalytic process available today
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(Armor, 2011; Fechete et al., 2012; Misono, 2013). Heterogeneous catalysis, the main
form of catalysis used in the automotive industry, is the largest of five potential
catalysis groups (homogeneous catalysis, biocatalysis, electrocatalysis, photocatalysis)
due to its simple separation of catalytic and reactant material based on different
phases (Beller et al., 2012; Misono, 2013).
About one-third of $16 billion, the worldwide amount spent on catalysts in 2012,
were used for environmental catalysts including automotive after-treatment systems
(Armor, 2011). With the help of various support materials, performance attributes
of a catalyst can be tuned very precisely, for example by increasing porosity of the
washcoat, enhancing the thermal stability of the monolith or raising oxygen storage
capacity (Fechete et al., 2012). However, despite increasingly sophisticated features,
three basic functions of a catalyst remain unchanged and may be summarised as
follows (Misono, 2013):
Activity

A catalyst reduces the activation energy needed for a chemical reaction.
A reaction which would not proceed without a catalyst is possible with
a catalyst present. Higher activity means higher reactions rates per
catalyst volume.

Selectivity

A catalyst favours specific reaction paths among many possible ones.
Even thermodynamically unfavourable reactions are possible.

Durability

Even though a catalyst is not consumed during a reaction nor appears
in the reaction path, the activity and selectivity of a catalyst decrease
over its lifetime. Through promoting and supporting materials, the
lifespan of the catalyst can be extended.

2.2.2

Substrate and Washcoat

The Greek word “monolith” is composed of the words “mono - single” and “lithos stone” (Tomašić and Jović, 2006), which represents the predominantly used monolithic
structured catalyst in automotive after-treatment systems, describing a uniform brick
of material, comprised of different layers and properties, inside the metal shell of a
catalytic converter (Heck et al., 2009; Tomašić and Jović, 2006). Catalytic converters
installed as a through flow device in the exhaust stream replaced bead bed reactors
(devices initially used and derived from the chemical and petrochemical industry)
providing advantages including increased thermal stability, decreased pressure losses
and superior surface area in comparison to particle catalysts (Tomašić and Jović,
2006). The purpose of catalytic converters is to effectively and efficiently reduce the
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emitted gaseous and solid pollutants from an internal combustion engine to achieve
current emission regulations.
The monolith, also referred to as the substrate, can be extruded in different shapes
and consists of an array of cells, in the case of a ceramic brick mostly honeycomb
or square structured, with a synthetic ceramic called cordierite (basic composition:
2MgO, 5SiO2 , 2Al2 O3 ) the most widely used catalyst support material (Heck et al.,
2009). Figure 2.5 shows two main types of monolithic materials, a square celled
cordierite monolith (Figure 2.5a) and metal-foil brick (basic material: Fe-Cr-Al alloy,
Figure 2.5b), made of welded corrugated foil in a metal housing.

Figure 2.5: Two different brick structures - (a) square ceramic and (b) corrugated
metal-foil catalyst
The ceramic monolith is usually wrapped in a heat resistant mat and pressed
into a metal can, for insulation and vibration dampening reasons, with typical cell
densities of 300 - 600 cells per square inch (CPSI), in some applications even up to
1200 CPSI (Heck, Farrauto and Gulati, 2009). A common wall thickness of 0.05 0.15 mm for ceramic substrates is reported, with potentially thinner walls for metalfoil converters at the same cell density leading to reduced exhaust back pressure
and increased thermal conductivity (Hagelüken, 2016; Pucher et al., 2015). Despite
some advantages of the metal foil catalyst, ceramic substrates are mainly used in the
automotive industry due to a higher specific surface area and lower production costs
(Heck et al., 2009; Tomašić and Jović, 2006). Figure 2.6 schematically summarises
the structure of a catalytic converter, including the main in- and output exhaust
species.
The surface area to volume ratio of the bare ceramic substrate is reported to
2
be in the range of 0.3 - 2 m /g (Santos et al., 2013; Tomašić and Jović, 2006),
and is significantly increased by applying a washcoat layer to provide the catalyst
with sufficient area to disperse the active catalytic components. The most common
base washcoat material is alumina - γ  Al2 O3 - which increases the specific surface
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- der Matte, die zwischen Monolith und Gehäuse liegt und zur thermischen Isolation
und bruchfesten Lagerung der monolithischen Struktur dient,
- dem Metallgehäuse (Canning), das vor Beschädigungen schützt.
Der Aufbau eines typischen Abgaskatalysators ist in Abbildung 2.5 dargestellt. Die
2.2 mehreren
Heterogeneous
wabenförmige Trägerstruktur besteht aus
parallelen Catalytic
Kanälen, dieConversion
vom Abgas

substrate
structure

heat resistant
mat

casing

catalytic reaction

active site

washcoat
substrate

Figure 2.6: Main components of a common catalytic converter, including gaseous
Abb.
2.5: Aufbau
einesfrom
typischen
Abgaskatalysators
exhaust
species
(adapted
Mladenov
(2010))
2

area to 100 - 200 m /g and is supported by a variety of components added to the
washcoat composition, for example, to act17as a storage component or to increase
the thermal resistance (Hagelüken, 2016; Santos et al., 2013). The washcoat is
applied to the substrate in a thin layer, sometimes in double layers, to realise the
intended capabilities with reported layer thicknesses in a TWC of 15 - 60 µm (Santos
et al., 2013). The approximately hundredfold increase of available surface area is
accomplished by the high porosity of the γ  Al2 O3 layer, which primarily consists
of meso- and macropores with pore diameters of roughly 10 nm for mesopores and
100 - 500 nm for macropores (Santos et al., 2013).
The washcoat is reported to play a crucial part in the conversion efficiency of
a catalytic converter, additional to increasing the surface area (Monte and Kašpar,
2004; Santos et al., 2013), alongside the noble metals dispersed within the washcoat
layer acting as active centres for specific conversion reactions. Predominantly in
the automotive industry, these are the platinum group metals (PGM) palladium
(Pd) and platinum (Pt) for oxidation, and rhodium (Rh) for reduction reaction
improvement (Hagelüken, 2016). Figure 2.7 shows a highly magnified picture of the
corner of a coated catalyst cell, visualising the high porosity of the substrate and the
two covering layers of washcoat.
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bottom & top
washcoat layer
substrate

Figure 2.7: Electron microscopy picture of a washcoated substrate corner (Hagelüken,
2016)
Detailed explanations regarding the washcoating process, as well as the impregnation procedure for the active noble metals, are available in the literature (Heck et al.,
2009). In addition to the chemical composition of a catalyst, certain geometrical
dimensions are of importance to avoid potential negative impacts on engine efficiency.
Hagelüken (2016) defined, next to values like cell density or wall thickness, the
open frontal area (OPA = ratio of open to overall cross-section), geometrical surface
area (GSA = catalyst geometrical surface area per nominal volume) and the total
surface area (TSA = GSA times catalyst volume) as the most important parameters.
Potential calculation methods and common parameter values for different converter
types are available in the literature (Brinkmeier, 2006; Hagelüken, 2016; Heck and
Farrauto, 2001).

2.2.3

Kinetics

The kinetics of a catalyst describe the correlation of reaction rate relative to temperature, partial pressure and concentration of the species and catalyst involved,
which is directly linked to heat and mass transfer phenomena along the flow axis
of the converter. Appendix B provides a brief explanation of the main processes
and formulas used to describe the heat and mass transfer inside a catalyst. Figure
2.8 exemplifies schematically, with the help of a catalytic particle cross-section, the
reactant concentration and temperature profile of a heterogeneous catalytic particle,
where catalyst and reactant are present in two different phases, following the transfer
of the species from the gas phase into the porous part of the catalyst.
The species concentration reaches a minimum, while the temperature reaches
a maximum, at the centre of the particle (Figure 2.8), this illustrates how the
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k = Reaktionsgeschwindigkeitskonstante (s–1)
D = effektiver Diffusionskoeffizient in den Katalysatorporen (m2/s)
Für die Thiele-Modulwerte 0,3; 1 und 3 betragen
die entsprechenden isothermen Porenwirkungsgrade 97 %, 76 % und 33 %. Da die komplexe

Katalyse wirkt sich bei der Selektivität fast immer
sehr stark negativ aus.
Anhand dieser Analyse kann man die Katalysatorpartikelgröße L berechnen, die eine möglichst
vollständige Erschließung der vorhandenen katalytischen Aktivität ermöglicht. Diese Partikelgröße 2.2
liegt normalerweise
bei heterogenkatalysierten
Heterogeneous
Catalytic

concentration

12.4 Konzentrationsund Temperaturproﬁl
im und um den Katalysatorpartikel.

Conversion

temperature

radius

radius

Figure 2.8: Concentration and temperature profile in and around a catalytic particle
(Behr et al., 2010)
limited number of active sites in the particle reduces the maximum possible species
concentration; hence, the highest reaction rates and temperatures are achieved when
all active sites are occupied. The individual steps inside a catalytic particle are
summarised in more detail in Figure 2.9, illustrating a commonly used model to
schematically explain the individual reaction steps in a porous catalytic particle
(Beller et al., 2012; Hagelüken, 2016; Králik, 2014).
According to Beller et al. (2012), the seven main steps in a heterogeneous catalytic
reaction are as follows:
1. A1 (reactant) transfers to the outer surface of the particle from the bulk (e.g.
gas phase).
2. Reactant diffuses to catalytically active sites through the pores.

Figure 2.9: Steps in a heterogeneous catalytic reaction (Beller et al., 2012)
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3. A1 adsorbs at a specific surface site.
4. Reactant gets transformed via a chemical reaction to A2 (product).
5. Product desorbs from the catalytic surface site.
6. A2 diffuses through the pores to the boundary layer.
7. Product transfers from the outer layer into the bulk flow (e.g. exhaust flow).
The chemical steps (3-5) of a catalytic reaction are slow in comparison to the
transport and diffusion steps (1,2 & 6,7), leading to a description of the overall
conversion as ‘kinetically controlled’ (Beller et al., 2012), mainly dependent on steps
three to five. Two mechanisms used to describe the kinetic steps on the catalytic
surface are demonstrated in Figure 2.10, additional mechanisms can be found in the
work of Misono (2013).
C

B

A

B

C

A
B

A

A

B

B

A

A

catalyst surface

catalyst surface

L-H mechanism

E-R mechanism

Figure 2.10: Schematic description of Langmuir-Hinshelwood (L-H) and Eley-Rideal
(E-R) mechanisms (Misono, 2013)
In the Langmuir-Hinshelwood (L-H) mechanism (Figure 2.10 L-H), both educts
(A+B) need to be in an adsorbed state on the catalyst surface before the chemical
reaction can occur and the product (C) desorbs, in comparison to the Eley-Rideal
mechanism (Figure 2.10 E-R), where one part of the final product (C) is adsorbed
(A) and reacts with a species in the gas phase (B), exemplified in Equation 2.8 and
2.9 with the help of carbon monoxide oxidation.
Oads  COads

CO2

(2.8)

Oads  COgas

CO2

(2.9)

Nieuwenhuys (1999) argued that the Eley-Rideal mechanism failed to explain
reaction rate effects identified in experiments where CO impinged an oxygen covered
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catalytic surface. On the basis of the L-H mechanism, the delayed start of CO2
formation could be attributed due to the need for the impinged CO to adsorb before
being able to react with the previously adsorbed oxygen. Later work suggested that
a combination of both mechanisms might take place simultaneously (Hagelüken,
2016; Králik, 2014).
A simple approach to describe reaction rates, surface coverage and active site
competition on a catalytic surface is attached in Appendix B (Beller et al., 2012;
Hagelüken, 2016; Králik, 2014). With the help of the Arrhenius equation, the three
main steps, adsorption, surface reaction and desorption, of the L-H mechanism are
described so as to identify the overall reaction rate, and more detailed explanations
are available in the literature (Beller et al., 2012; Hagelüken, 2016). The description
is not valid for other processes on the catalyst surface, including reactions with
multiple reactants or dissociative adsorption, which occur when molecules break their
bonds in the adsorption process.

2.2.4

Deactivation

Legislation requirements for the durability of catalytic devices require an understanding of the different deactivation mechanisms occurring on the catalytic surface,
leading to reduced conversion efficiency. According to Pucher et al. (2015) and
Misono (2013), the primary reason for catalyst deactivation is temperature related
and due to the potentially closer placement of the catalytic converter to the engine
exhaust valves, to decrease the light-off time, temperatures above 900 °C may be
possible. Figure 2.11 displays schematically a fresh catalyst and the four main
deactivation process according to literature (Hagelüken, 2016; Misono, 2013; Pucher
et al., 2015).
Figure 2.11a shows a fresh alumina oxide coated washcoat with highly dispersed
active sites. Figure 2.11b and Figure 2.11c show the two main temperature-related
mechanisms, with Figure 2.11b representing the crystallisation and sintering of
highly dispersed noble metals caused by high exhaust temperatures, and Figure 2.11c
showing washcoat pores starting to grow together, resulting in a reduction of surface
area and higher diffusion resistance for exhaust species. Furthermore, Figure 2.11d
visualises the reduction in the conversion efficiency through selective poisoning of
active sites. The lead content in automotive fuels was previously the main reason
for active site poisoning in catalytic converters, but since it was banned as knock
improver (Pucher et al., 2015), nowadays fuel or lubricant components, for example,
sulphur oxides which chemisorb and block active sites, are the primary cause of
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Figure 2.11: Schematic showing different catalyst deactivation processes: (a) – fresh
catalyst; (b) – sintered active sites; (c) – sintered washcoat pores; (d) –
poisoned active sites; (e) – deposits (adapted from Pucher et al. (2015)
selective poisoning (Hagelüken, 2016). Additionally, carbonaceous matter present in
the exhaust stream can deposit on the surface and build an alloy type product with
the washcoat, blocking active sites (Figure 2.11e).
All processes in Figure 2.11b - Figure 2.11e reduce active site availability on the
catalytic surface for the reaction of exhaust species, which causes a reduction of
conversion efficiency. Some deactivation types are reversible; for example, certain
active site poisonings might be cleared by the introduction of heat, others result in a
permanently deteriorated converter efficiency.
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Da die Aktivität des Katalysators beeinträchtigt ist,
verschiebt sich die Kurve in Richtung höherer Temperaturen mit einer signifikanten Steigungsänderung.
Diese unerwünschte Reaktion führte zur Entwicklung
alternativer Trägeroxide wie SiO2, ZrO2, TiO2 und
ihrer Kombinationen. Das Problem der negativen
Wechselwirkung kann durch das Verwenden dieser
alternativen Trägeroxide gelöst werden; allerdings
sind sie sehr oft nicht so stabil gegenüber dem Sinterungsprozess.

The TWC is the most effective after-treatment device for stoichiometric operated
gasoline engines, which allows CO and HC oxidation, and NOX reduction to commence
at temperatures of around 300 °C (Winkler et al., 2015). It incorporates the features
of an oxidation catalyst and combines them with reduction capabilities to meet
tailpipe emission legislation levels, but requires therefore that the SI engine utilises
electronic AFR control to operate the TWC at its maximum efficiency (Pucher et al.,
2015). Lean-burn SI engines require an additional device to reduce or store NOX
in an oxygen-rich environment, commonly achieved with the use of a NOX -trap
(Winkler et al., 2015).
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At fully warm conditions, a state-of-the-art TWC might be able to reduce CO, HC
and NOX engine-out emissions by more than 95 % (Hagelüken, 2016), additionally,
through trapping and oxidation of particulate matter it can lead to particulate
mass reductions of 15-30 %, observed by Breuer et al. (2015) over a diesel oxidation
catalyst (DOC). Figure 2.12 shows the light-off performance (Figure 2.12a) and the
conversion efficiency over changing lambda values (Figure 2.12b) for CO, THC and
NOX across one of the ceramic catalysts utilised throughout this project, highlighting
the temperature necessary to reach the maximum conversion efficiency and the tight
range around the stoichiometric AFR where all three legislated emission species can
be satisfactorily converted. Further details regarding the experimental methodology
to obtain these results can be found in Chapter 4.
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Figure 2.12: Conversion efficiency of a commercial TWC (ceramic) for CO, THC
and NOX plotted for (a) light-off and (b) lambda-sweep experiments
The main conversion reactions occurring in a TWC to achieve the legislated
emission levels are summarised in Equations 2.10 to 2.17 (Heck and Farrauto, 2001;
Koltsakis and Stamatelos, 1997), showing the main oxidation and reduction reactions,
as well as the steam reforming (SR) and WGS reactions.
Oxidation:
Cx Hy  x 

y
O2
4

2CO  O2
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Reduction:
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Steam reforming:
xCO  x 
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y
H2
2

(2.16)

Water-Gas-Shift reaction:
CO  H2 O

CO2  H2

(2.17)

Hagelüken (2016) reported that in TWC applications for gasoline engines, the
noble metals Pt and Pd for oxidation and Rh for reduction reaction improvement are
predominantly used, with the exact loading amount varying between 0.5 g to 5 g per
litre of brick volume, dependent on catalytic requirements and the current market
price for noble metals. However, not only the type and amount of PGM defines the
conversion efficiency of a TWC, but also the specific process of dispersing and fixating
the noble metals in the washcoat, as well as synergy effects with other washcoat
components. Furthermore, Hirano et al. (1993) showed with the reduction reaction
of NO and H2 over different Pt, Rh and Pt-Rh surfaces, how the actual surface
structure of the PGM has a significant impact on the activity and selectivity of the
reaction. Consequently, the actual composition of the washcoat and its manufacturing
process are the actual expertise of any catalyst developing company and thus highly
confidential. Nieuwenhuys (1999) published an extensive and very detailed review
regarding the individual reactions and surface processes occurring in a TWC.
Furthermore, to maintain a high conversion efficiency of the TWC throughout
continuously varying engine conditions, the TWC washcoat incorporates components
like cerium oxide, which, besides some stabilising properties for the aluminium oxide,
has the ability to store and release oxygen by alternating between two oxide phases
(Hagelüken, 2016). Combined with a closed-loop lambda circuit, which constantly
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adjusts the fuel injection based on an exhaust gas lambda signal and maintains a
close to stoichiometric AFR, the TWC can store and release oxygen to balance out
variations in the exhaust composition (Winkler et al., 2015). For an increased level
of control over the conversion capability of a TWC, the engine calibration aims for a
medium oxygen loading of the cerium oxide component, to be able to counter outliers
on both sides of the stoichiometric lambda value, which is achieved by an enforced
lambda fluctuation implemented via the engine control unit (ECU) (e.g. ± 2.5 % 5 % at 0.5 - 2 Hz) (Hagelüken, 2016).
Additionally, the oxygen storage capacity (OSC) of the TWC is used by the onboard diagnosis (OBD) of the ECU as an indicator for thermal ageing and conversion
capability of the catalytic converter. Another important washcoat component in a
TWC is lanthanum oxide (La2 O3 ) to increase temperature resistance (Hagelüken,
2016), which allows the catalytic converter to be mounted further upstream in the
exhaust pipe, resulting in a faster catalytic light-off. The light-off temperature defines
the temperature at which the catalyst reaches a conversion efficiency of 50 % for
a certain emissions species (Heywood, 1988; Koltsakis and Stamatelos, 1997). A
reduced light-off temperature for a specific catalytic reaction or a decrease in time
to reach it, is important for the certification process, because up to 90 % of the
cumulative tailpipe emissions during a legislated driving cycle, such as the WLTC,
are emitted before the light-off temperature of the TWC has been reached (Winkler
et al., 2015).

2.2.6

Oxygen Storage

The oxygen storage capacity of a catalyst is essential for maintaining the conversion
efficiency of a TWC due to the opposing nature of the conversion reactions involved.
In addition to its oxygen storage capability, cerium oxide stabilises aluminium oxide
against thermally induced sintering, plays a crucial role in the WGS reaction, and
improves PGM dispersion in the washcoat (Hagelüken, 2016). State-of-the-art TWC’s
employ cerium oxide in combination with zirconium dioxide to achieve the necessary
higher temperature resistance for a close-coupled TWC application (Monte and
Kašpar, 2004). According to Hagelüken (2016), the effective adsorption and release
of oxygen from cerium oxide may be summarised as follows,
2CeO2  CO©H2

Ce2 O3  CO2 ©H2 O

2Ce2 O3  O2

4CeO2
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(2.19)
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which allows cerium oxide to switch between oxidation stages, depending on the
availability or deficiency of oxygen, thus smoothing out AFR fluctuations in the
exhaust stream and maintaining a near stoichiometric environment inside the TWC.
Although the reactions stated in Equation 2.18 and Figure 2.19 do not adequately
describe the complex functionality of the OSC inside the TWC, it was pointed out
that the efficiency of OSC can be directly linked to the conversion capability of a
TWC; which is why the OSC is used as a parameter to distinguish the level of TWC
deactivation in commercial applications to comply with OBD regulations (Monte
and Kašpar, 2004).

2.2.7

Light-Off

Due to the high conversion efficiency of the TWC in fully warm operation conditions, several approaches have been investigated for inducing a faster TWC light-off
and therefore, a reduced amount of cumulative tailpipe emission when performing
legislated driving cycles. Hagelüken (2016) reported that the individual light-off
temperature for each conversion reaction is mainly dependant on the washcoat composition, the type of PGM incorporated and the loading of PGM in the catalyst,
however, the positive effect of increasing PGM is not linear and decreases with
increasing loading, which results in an optimal PGM loading depending on the
requirement of the catalyst. Furthermore, to reduce the period until TWC light-off
is reached, several methods have been used and the main strategies employed can be
divided into active and passive strategies (Hagelüken, 2016; Hedinger et al., 2017).
On the one hand, active strategies utilise methods with additional hardware
components like electrically heated catalysts or secondary air/fuel injection to decrease
the light-off time; alternatively, passive strategies, employ engine driven methods,
without the need for additional hardware, to increase the temperature of the exhaust
gas, for example through increased idle speed or ignition retardation to achieve a
late combustion which persists into the exhaust stroke. Additionally, the position
of the TWC relative to the exhaust valves, as well as the insulation of the TWC to
reduce heat losses, can play a significant role in the light-off period of the catalyst.
Gong et al. (2011) reported a significant reduction in light-off time for CO and
HC oxidation when reducing the distance of the TWC inlet to the exhaust ports
and retarding the spark timing from 0 to 15 crank angle degree (CAD) after top
dead centre, with light-off time reduced by 8 s and 22 s for both oxidation reactions
respectively.
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The electrically heated catalyst (EHC) has been reported to be an efficient
method to reduce TWC light-off time and decrease the tailpipe emissions of CO,
THC and NOX , however, a sophisticated thermal management strategy was necessary
to minimise the disadvantage of increasing fuel consumption (Presti et al., 2013). A
24 V operated heating element has been found to be superior to a 12 V element,
resulting in a 6 %, 33 % and 63 % reduction of CO, THC and NOX emissions
respectively over the NEDC cycle, in comparison to a spark-retarded reference test
point with increased idle speed (Presti et al., 2013). A comparison of the fuel penalty
caused by ignition retardation and 24 V operated EHC showed a slightly higher fuel
penalty of the EHC system than the retarded spark timing for the same gain in TWC
light-off time (Kessels et al., 2010). Furthermore, the 24 V, in comparison to the 12 V
system, was considered the more efficient heating method, though a higher degree of
electrification in passenger cars or hybrid vehicles with an increased on-board power
supply would be necessary for possible wider implementation (Kessels et al., 2010;
Presti et al., 2013).
A variation on the use of a secondary air/fuel injection system upstream of
the TWC was investigated by Murphy et al. (1999), who observed a rapid TWC
light-off with an electrically initiated chemically heated catalyst to lower the electrical
energy requirements of an EHC. The EHC was heated up to a temperature range
of 150 °C to 225 °C after cold-start, and on reaching the temperature set point
the EHC was switched off and different organic compounds were injected together
with secondary air upstream of the EHC. The organic molecules were oxidised over
the preheated EHC and the heat of combustion utilised for the faster light-off of
the main catalytic converter located downstream of the EHC. Methanol injection
resulted in a TWC light-off (light-off temperature was considered at 400 °C) after
7.7 s, of which 4.8 s were used to heat the EHC to the 200 °C necessary to achieve
complete methanol conversion and 2.9 s for the actual chemical heating process of
the main TWC. A less hardware intensive approach tackling multiple light-off cycles
in city start-stop operation over a day was examined by Korin et al. (1999), who
implemented phase-change material with a transition temperature of 352.7 °C (close
to the TWC light-off temperature) into the insulated canning of a commercial TWC,
extending the time spent by the TWC at temperatures above light-off to more than
three hours after engine shut-off.
Any system or strategy for light-off improvement must be assessed depending on
system complexity and efficiency, which can have a direct impact on the fuel consumption of the target vehicle. Due to the variability of direct injection systems and the
lower system complexity, hence reduced costs, state-of-the-art commercial gasoline
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after-treatment system mostly utilise engine driven methods (passive strategies)
in combination with multiple catalytic bricks to achieve emission regulations; one
relatively small close-coupled TWC to reach a fast light-off and additional bricks
further downstream to meet the applicable driving cycle and durability requirements
(Hagelüken,
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The selective catalytic reduction (SCR) technology is currently not used for
any commercially available lean-burn gasoline engine applications due to difficulties
including the thermal stability of the catalyst and potential ageing through the
water content of gasoline exhaust (Winkler et al., 2015). However, with further
tightening of particulate and gaseous emission requirements, as well as CO2 fleet levels
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constantly decreasing, a similarly complex after-treatment system can potentially
become necessary in the future to comply with all regulations.
Any after-treatment system needs the capability to oxidise carbon containingspecies, either on a separate device like an oxidation catalyst or incorporated into
any other washcoat formulation, for example, a three-way catalytic converter or a
NOX -trap. According to Heywood (1988), the thermal oxidation of CO and HC in
exhaust pipes without the presence of a catalyst would be possible but the necessity of
long residence times and temperatures above 600 °C would make it almost impossible
to achieve high conversion rates over the full operational range of an IC engine. A
non-catalytic approach for a satisfying NOX conversion has not been established.
The progress in direct injection technology has resulted in the possibility of operating gasoline engines in an overall lean operation mode, decreasing fuel consumption
(Tschöke et al., 2015). The excess oxygen in the combustion process leads to a
shortage in necessary reduction species for nitrogen oxides in the exhaust, which
makes the use of a further NOX conversion device necessary. The NOX trap can
be viewed as an upgraded TWC converter which contains an alkaline metal oxide
component as an additional washcoat ingredient, typically a barium-based oxide,
which is able to store NO2 during lean engine operation (Heck and Farrauto, 2001).
The platinum active sites in the washcoat play a significant role prior to the storage
process by oxidising the available NO to storable NO2 (Matsumoto, 2004). The
barium component is incorporated into a three-way compatible washcoat composition
and a NOX sensor post the converter determines the loading level to trigger short
ECU induced rich combustion phases (λ = 0.75 – 0.98), necessary for the depletion
of the NOX storage (Hagelüken, 2016). The stored nitrogen dioxide is released during
the rich phase and reduced by carbon monoxide, hydrocarbons and hydrogen due to
the lack of other available oxygen sources.
Current legislation requirements for particulates make the use of a filtration unit
for GDI engines almost inevitable. The exhaust flow is passed through a filtration
device (as in a diesel particulate filter (DPF)), and by blocking the entrance or
exit of adjacent cells, the flow is forced through the porous filter and depending
on the filtration size, different sizes of particles are caught in the pores, resulting
in a particulate mass filtration efficiency of advanced filters from 70 % up to 99 %
(Heck and Farrauto, 2001; Merkisz and Pielecha, 2015). The accumulation of particulates inside the filter pores due to its high efficiency leads to an increasing
pressure difference across the filter, which is used to determine the loading level and
regeneration point.
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Regeneration can be divided into passive and active methods (Merkisz and Pielecha, 2015). Active techniques require specific exhaust conditions with temperatures
between 600 °C – 700 °C, created either by the engine management system or external devices, to oxidise the accumulated soot and achieve a certain backpressure
threshold. Active methods predominantly incur a fuel consumption penalty and
depend on highly temperature resistant materials to withstand these conditions
(Merkisz and Pielecha, 2015). Passive techniques reduce the necessary oxidation
temperature by up to 300 °C through incorporating catalytic components either into
the surface of the filter (catalysed particulate filters) or through mixing additives
like iron and copper into the fuel (Merkisz and Pielecha, 2015). Particulate filters
with incorporated washcoat formulations effectively oxidise carbon monoxide and
hydrocarbons to increase the temperature of the filter, while oxidising nitrogen oxide
to nitrogen dioxide, which is used to react with the soot, also known as continuous
regeneration due to the ongoing oxidation process of particulates (Hagelüken, 2016).
In gasoline applications, a particulate filter with a three-way catalytic coating might
become necessary for certain gasoline engine powered passenger vehicles to meet the
drive cycle and on-road legislation limits (Johnson and Joshi, 2018).

2.3

Hydrogen

Hydrogen as a source of energy storage for fuel cells or as, partial or complete, HC
fuel replacement has been researched within the automotive sector (Daimler AG,
2007; Dörmer et al., 2015). However, the necessary infrastructure for storage and
refuelling of H2 and consequently, the market share remains underdeveloped, with less
than twenty operational hydrogen fuelling stations in the UK (TÜV SÜD Industrie
Service GmbH, 2019), in comparison to over 8000 petrol stations (Petrol Retailers
Association, 2017). Nevertheless, automotive companies are still investing in the
development of fuel cell powered vehicles as a probable future route to improved air
quality and reduced fossil fuel dependency for transportation (Daimler AG, 2007)
(which could have an even higher impact if the utilised hydrogen is produced from
renewable sources). Hydrogen dual-combustion investigations have observed that,
besides potential efficiency and emission effects, a certain amount of the used H2
does not take part in the combustion process when aspirated as a homogeneous
mixture with engine intake air and persisted in the engine exhaust gas (Christodoulou
and Megaritis, 2013; Gatts et al., 2010), and could therefore potentially be used
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downstream of the exhaust valves to promote the performance of catalytic conversion
devices.
The initial level of hydrogen in combustion engine exhaust differs strongly between
diesel and gasoline powered engines and is often expressed as a H2 to CO ratio
(Heywood, 1988). A diesel engine, due to its lean operation, has negligible amounts
of hydrogen in the engine-out emissions (Katare and Laing, 2009), with a H2 /CO
ratio in the range of 1/40 in light-duty engines. In contrast, Heywood (1988) stated
H2 /CO levels of 1/3 for close to stoichiometric operated gasoline engines, which has
been reported as an accurate mean value, while stating ratios as high as 1/2 and 3/4
during cold start and high-speed driving conditions (Bond et al., 2010; Katare and
Laing, 2009).
Different approaches to increasing catalytic light-off performance and reduce
tailpipe emissions during cold-start have been extensively investigated as described
in Section 2.2.7; furthermore, the addition of hydrogen into the exhaust stream to
increase the catalytic efficiency and positively impact catalytic reaction processes
has been examined for different after-treatment devices. The following section briefly
describes potential methods of hydrogen production and storage for automotive
applications, before further outlining previous work studying the reaction promoting
“Hydrogen effect” observed in after-treatment systems, not directly attributable to
the level of heat release from H2 oxidation.

2.3.1

Hydrogen Production

Several technologies are commercially available for hydrogen production, ranging
from fossil fuels, gasification of biomass to the electrochemical splitting of water.
A detailed review has been published by Abdalla et al. (2018) dealing with the
production, storage and transportation of hydrogen. According to Klell et al. (2012),
natural gas is currently the primary source of hydrogen through steam reforming.
The steam reforming process converts natural gas containing methane and water,
with the help of a catalyst, into carbon monoxide and hydrogen at a volume ratio
of up to 50 % and with an energy efficiency of up to 85 % (Abdalla et al., 2018;
Klell et al., 2012) (and which can be further purified with subsequent chemical
processing). The gasification of biomass can yield biogas with a methane content of
up to 80 vol% as a potential source of sustainable H2 production via steam reforming
(Klell et al., 2012), depending on the production process utilised and the biomass
source. Other possible renewable H2 sources include glycerol, which is a by-product
of the transesterification of vegetable oil in biodiesel production (9 kg of biodiesel
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yield 1 kg of glycerol), which can also be processed via steam reformation for H2
production (Dutta, 2014).
The pyrolysis (an oxygen-free process in comparison to gasification) of biomass
yields, besides liquid oxygenated hydrocarbon species, gaseous products, including
CH4 , CO and H2 at more than 50 % of the total gas composition (Abdalla et al.,
2018). Other methods of biomass conversion have investigated biological processes,
for example, photo-biolysis or photo fermentation, which are potential long term
targets for the sustainable production of H2 (Abdalla et al., 2018). Electrolysis
can be utilised to produce H2 via the separation of water into its constituents in
an electrochemical cell. A high enough voltage supplied to water, which contains
an electrolyte, results in H2 and O2 being produced at the cathode and anode
respectively, with possible energy efficiencies of up 70 % (Klell et al., 2012).

2.3.2

On-Board Hydrogen Storage and Utilisation

The utilisation of hydrogen in a commercial vehicle context requires, besides the
considerations of refuelling, a safe and reliable way of on-board storage if H2 is to
compete as an alternative fuel source. The means of H2 storage can be divided
into two main paths, physical storage in vessels as compressed or liquefied H2 , and
material-based storage in different metal-hydrides (e.g. magnesium hydride), carbon
nanotubes, liquid organic hydrocarbon carrier or metal-organic frameworks (Abdalla
et al., 2018).
Material-based storage theoretically reaches capacities of 70 to 150 g H2 /L in
reduced risk environments, due to a lower pressure requirement; however, further
research is necessary to overcome current limitations for commercial implementation
(Mazzolai, 2012). Liquefied H2 storage would be able to meet storage requirements
for a specific vehicle mileage range, though, besides the safety aspects of storing
liquefied H2 , a temperature of -253 °C for cryogenic H2 would be necessary, a process
which would consume almost 40 % of the energy stored in the energy carrier (Abdalla
et al., 2018). Highly compressed H2 cylinders with pressures up to 700 bar, despite
the risks involved in case of car accidents or potential leakage issues, are the primary
state-of-the-art H2 storage system (Herbert, 2018). The United States Department
of Energy has defined multiple targets for an H2 on-board storage system utilised in
light-duty vehicles; storage parameter targets for 2020 include a volumetric system
capacity of 0.04 kg H2 /L system, a minimum charging rate of 1.5 kg H2 /min, as well
as other operational pressure, temperature and lifetime thresholds to meet a vehicle
driving range of more than 400 km (United States Department of Energy, 2015).
64

2.3 Hydrogen
Due to the complex and expensive equipment required to store H2 on-board of
passenger vehicles, approaches have been investigated that produce smaller amounts
of H2 during the course of vehicle operation, potentially usable as partial fuel
replacement or as promoting species for after-treatment systems. Gukelberger et al.
(2015) utilised a WGS catalyst downstream of an individually rich operated cylinder
in a four cylinder engine setup to produce H2 enriched gas, which could be fed back
as dedicated exhaust gas recirculation (EGR) into the intake of the engine to improve
fuel efficiency. It was found that EGR gas with a H2 content of up to 7 vol% could
be produced when feeding the WGS catalyst with exhaust gas at an equivalence
ratio of above 1.25 (exhaust mass flow 42 kg/hr). However, it was pointed out that
besides the hardware modifications, the calibration and control of the equipment was
necessarily very sophisticated and complex to be able to operate the single cylinder
independently from the rest of the engine, and additionally, the rich operation at an
equivalence ratio of above 1.25 was considered a significant disadvantage.
Heimrich and Andrews (2000); Marsh et al. (2000) investigated an on-board
electrolyser and storage unit for hydrogen which allowed H2 in combination with
secondary air to be injected upstream of a TWC to improve the light-off performance.
Marsh et al. (2000) found a more than tenfold reduction in NMHC concentration for
the first bag sampled over an FTP-75 test cycle when H2 and secondary air injection
started 5 s before the cranking of the engine, in comparison to the baseline without
H2 added. The level of NMHC present in the first bag sample was reduced further
when the injection started 10 s pre crank of the engine. However, the necessary pre
crank injection and the thermal shock for the TWC during cold start were mentioned
as further potential development points. Heimrich and Andrews (2000) also reported
significant benefits for HC and CO tailpipe emission levels over the FTP cycles
when utilising a Pt-only TWC, reducing the amount of both species by 68 % and
62 % respectively compared to the baseline without H2 addition. It was highlighted
that the additional load applied on the engine for the on-board production of H2
resulted in increased levels of NOX and a reduction in fuel economy; furthermore,
specific challenges regarding injection strategy, calibration and implementation were
highlighted. Ashida et al. (2015) and Fennell et al. (2015) studied on-board fuel
reformers able to produce H2 levels downstream of the reformer catalyst of 6 % to
over 10 %, when using the exhaust gas of a gasoline engine in combination with
additional gasoline injections upstream of the reformer.
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2.3.3

Promoting Effect of Hydrogen on Oxidation Reactions

Hoyle et al. (1999) studied the oxidation reactions of H2 , CO and HC on different
levels of Pt, dispersed on silica powder as a base catalyst, with the addition of
different promoters (e.g. CeO2 ). Introducing CO into a H2 /O2 /N2 gas flow was
found to prohibit the fast oxidation reaction of H2 by blocking the active sites, due
to the strong bond of CO on Pt. However, adding hydrogen to a CO/O2 /N2 flow
reduced the activation energy needed for the reaction and complete conversion of
CO to CO2 was reached earlier. For 6 % Pt, highly dispersed on SiO2 , hydrogen also
showed a beneficial effect on the oxidation of propane at temperature levels as low
as 367 °C, though no clear explanation for the promotion effects could be drawn.
However, a correlation of the CO/H2 ratio was pointed out as an important factor in
the overall conversion, as well as the dispersion level of the noble metal.
Salomons et al. (2009, 2006) further investigated the effect of hydrogen (0 2000 ppm) on CO oxidation over a Pt/Al2 O3 based diesel oxidation catalyst in an
excess oxygen environment, using individually mixed gases (as opposed to combustion
generated exhaust gases). The preliminary work showed a reduction of light-off
temperature for CO oxidation with H2 addition, independent of the levels of carbon
monoxide present. A distinct effect with small amounts of hydrogen added was
observed, resulting in a temperature decrease for a 50 % conversion rate of 23 °C
with 500 ppm additional hydrogen, whereas four times the amount of hydrogen
(2000 ppm) decreased that value by only another 3 °C. Katare and Laing (2009)
observed a similar decrease in light-off temperature, with a 20 °C decrease with a
hydrogen addition level of 257 ppm. Salomons et al. (2006) stated that even though
H2 oxidation is possible at room temperature over a Pt catalyst, a pre covered
catalyst surface with carbon monoxide showed hydrogen oxidation only after CO
conversion reached light-off. The dependency might be explained by competitive
adsorption on the catalyst surface, with the amount of Pt active sites available for
oxygen adsorption as a rate determining step. The preceding CO oxidation and
the distinct effect of the initial amount of hydrogen introduced are opposed to the
statement of Sun et al. (2003), relating the improvement of H2 addition solely to the
exothermal effect of hydrogen oxidation.
Salomons et al. (2009) extended their measurement and simulation efforts with
transition and step experiments, as well as changing the inlet gas composition, to
further examine the light-off improvement of a CO pre covered catalyst with increasing
levels of H2 added to the gas stream. The decrease in CO light-off temperature with
small levels of hydrogen added was not solely explainable by the exothermic gain
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of hydrogen combustion, due to the small calorific input to the exhaust gas with
500 ppm H2 and the minimal effect of 2000 ppm H2 , which based on the exothermic
effect should have had a much higher impact. The addition of hydroxyl radicals
as part of the CO conversion path and the interaction of partial hydrogen pressure
over the catalyst, which changes the activation energy of desorption for carbon
monoxide, as proposed by (Hoyle et al., 1999), resulted in a correct simulation of
the positive effect of hydrogen addition. However, while no further explanation of
potential reasons for the “hydrogen effect” was offered, it was highlighted that a
strong cross-species dependency would need to be considered when using a complex
mixture like engine exhaust gas. Rankovic et al. (2011) reviewed computer-aided
simulation methods and adopted the hydrogen-influenced CO desorption, as well as
a pathway for hydroxyl reactions with carbon monoxide from Salomons et al. (2009),
when creating an extensive reaction mechanism (62 reactions for Pt/- and 47 for
Rh/Al2 O3 catalysts) based on L-H rate expressions. The CHEMKIN simulation
model was able to very accurately reproduce different experimental results and mimic
the beneficial effect of hydrogen on Pt and Rh doped catalysts.
Herreros et al. (2014b) further investigated the “hydrogen effect” on catalytic
oxidation reactions over precious metal alumina catalysts with a single cylinder
CI-engine, operated at steady-state condition, and two alumina coated catalysts,
Pt/Pd and Pt only loaded. H2 was added to the exhaust in the range of 500 ppm to
8000 ppm, which lead to an increase in the temperature along the catalyst of 3 °C to
60 °C. The addition of 1000 ppm hydrogen decreased the light-off temperature of both
catalyst by roughly 30 °C, while increasing the temperature along the catalyst by less
than 4 °C. The HC oxidation was strongly dependent on the type of hydrocarbons,
unsaturated HC oxidised easier than saturated HC, and H2 addition reduced the
selectivity, especially for the Pt/Pd catalyst, and decreased the light-off temperature
for all HC species. The introduction of 2500 ppm of hydrogen resulted in over 90 %
conversion efficiency at around 230 °C for both catalysts, with a more significant
impact on the Pt/Pd catalyst than the Pd only.
Additionally, Herreros et al. (2014b) examined the H2 addition effect on NOX
and NO to NO2 conversion; the latter reaction is important for any coupled aftertreatment devices, downstream of an oxidation catalyst, where a high level of NO2
is beneficial for any further conversion (Breuer et al., 2015; Herreros et al., 2014b).
No distinct impact on NOX conversion with additional hydrogen was observed;
thus, a clear increase in NO2 was reported, especially in low temperature regions
between 200 °C and 350 °C. The findings were attributed to multiple effects linked
to the addition of hydrogen; it was assumed that the extra hydrogen oxidised on
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the catalytic surface provides not only exothermic energy to accelerate the warm-up
process but also reduces competitive adsorption by opening active sites through a
reduction of desorption energy, as well as providing hydrogen-related radicals for
further reactions.
Furthermore, Sadokhina et al. (2011) studied the influence of H2 on the oxidation
reaction of NO over an Ag/Al2 O3 catalyst, commonly used as a catalyst for selective
reduction of nitrogen oxides with hydrocarbons or ammonia, suggesting that hydrogen
improved the surface storage of NOX by enabling the production of surface nitrates,
which lead to higher rates of NO oxidation.

2.3.4

Hydrogen-SCR

Lean-burn operated gasoline engines, as well as diesel engines, combust with an
excess of oxygen resulting in an abundance of oxygen in the exhaust, which is helpful
in CO and THC oxidation but complicates NOX reduction. Hydrogen has been
proposed as a potential reducing species for NOX , but increased levels of ammonia
downstream of the oxidation catalyst were highlighted (Kobylinski and Taylor, 1974).
Nevertheless, elevated levels of ammonia or urea past an oxidation catalyst could
increase the overall conversion efficiency of NOX in a dual after-treatment system
as suggested by DiMaggio et al. (2009). Kobylinski and Taylor (1974) observed
in a very early investigation the differences in noble metal selectivity towards NO
reduction with H2 and formulated an order of increasing reactivity based on the
light-off temperature of NO reduction as follows: Pd > Pt > Rh > Ru at 106 °C,
121 °C, 163 °C and 237 °C respectively. With the addition of CO or a CO/H2
mixture to the exhaust stream the sequence changed to Ru > Rh > Pd > Pt with the
following temperatures in order 210 °C, 275 °C, 330 °C and 398 °C, which might be
explained by the competitive adsorption of CO/H2 on Pt and Pd catalysts, however,
no other possible exhaust species were considered. Ruthenium showed the lowest
light-off temperature in a CO/H2 environment, but due to stabilisation issues in
the harsh exhaust environment, rhodium is mostly used as a noble metal for the
reduction of NOX in a TWC converter (Gandhi et al., 2003).
Burch and Coleman (2002, 1999), Costa et al. (2002, 2001) and Costa and
Efstathiou (2007) investigated the impact of H2 on NO reduction at low temperatures
over different Pt/mixed metal oxide catalysts in a lean exhaust environment. Burch
and Coleman (1999) used different Pt/Al2 O3 and -SiO2 catalysts, with the addition
of different levels of molybdenum and sodium, and observed higher NO conversion
rates on Pt/SiO2 than on Pt/Al2 O3 , resulting in a conversion rate of 75 % at 90
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°C and 50 % at 140 °C respectively, with hydrogen levels between 300 ppm and
4000 ppm. However, increased levels of N2 O formation over the whole temperature
range (50 °C - 250 °C), especially below 150 °C, were observed, with higher N2 O
levels for the silica catalysts than the alumina catalyst.
Yang and Jung (2009) examined the influence of Pt loading in a Pt/Al2 O3
catalyst on the NOX reduction with H2 and found an almost linear correlation
between available surface sites and N2 O production at low temperatures, which
changed towards a selectivity of N2 production with elevated temperatures above
150 °C. Nitrous oxide is reported to have a far larger impact on global warming than
carbon dioxide, with a close to 300 times higher warming factor (U.S. Environmental
Protection Agency (EPA), 2016). The temperature sensitive NO conversion was
also found to become more selective towards N2 production, rather than N2 O,
with increasing levels of hydrogen added, assumed to happen via an increased
surface coverage of hydrogen which favours NO dissociation (Burch and Coleman,
1999). Burch and Coleman (2002) additionally reported that the low temperature
conversion rates were raised with low levels of sodium and became more selective
with molybdenum as a promoter incorporated in the support material of the catalyst.
A Pt/0.27Na/Al2 O3 catalyst reached a conversion rate of almost 90 % at around
100 °C, and by adding molybdenum a Pt/10Mo/0.27Na/Al2 O3 coated catalyst raised
the selectivity for nitrogen production from 20 % to 50 % at 120 °C, in comparison
to a regular Pt/Al2 O3 catalyst with hydrogen addition levels of 4000 ppm.
Costa et al. (2002, 2001) performed similar experiments with Pt/mixed oxide
catalysts over a wider temperature range (100 °C – 400 °C) and with higher hydrogen
levels (up to 1 %) added to the exhaust. Similar low temperature capabilities of
Pt/Al2 O3 and Pt/SiO2 coatings for NO reduction and selective N2 production as
reported by Burch and Coleman (1999) were observed, with a 66 % conversion rate of
NO and 60 % selectivity to N2 at 120 °C for alumina and 80 % and 65 % respectively
for silica. For a Pt/CeO2 catalyst, reaction rates for NO yielding 70 % - 85 % in the
temperature range of 100 °C – 250 °C were found, however, the selectivity towards
N2 over the same temperature window reduced to below 50 %. Costa et al. (2002,
2001) reported the highest N2 selectivity with perovskite-type oxides impregnated
with Pt active sites and combined with promoting metal oxides. The 0.1 wt%
Pt/0.7La0.2Sr0.1CeFeO3 catalyst reached a N2 selectivity of over 90 % at 140 °C,
which decreased rapidly beyond 200 °C in a lean gas bottle feed of NO/H2 /H2 O/O2 ,
with an overall NO conversion rate of over 80 % at a temperature range of 100 °C –
400 °C and 1 % added hydrogen.
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Costa and Efstathiou (2007) investigated in a subsequent study different Pt doped
metal oxide catalysts (e.g. MgO,CaO,TiO2 ,CeO2 ), using the same test conditions,
and observed the most distinct improvement in low temperature NO-H2 reduction
with 0.1 wt% Pt dispersed on equal amounts of MgO-CeO2 support. The catalyst
achieved a conversion rate over 80 % for NO below 200 °C, with a selectivity towards
N2 of over 80 % for the temperature range of 100 °C to 400 °C.
The review of Hamada and Haneda (2012) showed Pt as the most important
and extensively researched noble metal in terms of nitrogen oxide reduction with
hydrogen, the support material accompanying the platinum was mentioned to be
especially crucial in achieving a high conversion rate and N2 selectivity, with the
acidity of the support material being central for N2 selectivity. With Pd as a
catalytic active site, similar conversion performances in NO-H2 reduction at low
temperatures were observed, with a 1 % Pd/TiO2 catalyst achieving 45 % conversion
of NO, in comparison to around 50 % over a 1 % Pt/TiO2 coating, in a 5 % lean
NO/H2 /H2 O/O2 feed mixture (Hamada and Haneda, 2012). However, it was pointed
out that most experiments were performed in micro-reactors with artificially mixed
exhaust gas compositions, which are designed to identify the fundamental basic
reactions and processes of a specific species on a catalyst but are lacking the impact
of cross-dependencies in the exhaust gas and a potential competition for active sites
on the catalytic surface, apparent in real-world applications (Salomons et al., 2009).

2.3.5

HC-SCR Improved by Hydrogen

Ueda and Haruta (1999) executed experiments with gold, dispersed on different
support materials, as an active catalytic site in NO reduction, in comparison to
platinum and palladium, with hydrogen and different hydrocarbon species as reducing
agents. The fixed-bed flow reactor tests performed in an oxygen-rich environment
showed, with H2 as reductant, a conversion performance for NO to N2 of around
30 % at 400 K, similar to results with palladium but not as good as platinum on
alumina, which showed a close to 60 % overall NO conversion. Equation 2.20 was
stated as a potential reaction path promoting the reduction of NO with H2 , where
H2 opens up active sites after the decomposition of NO on the surface by reacting
with the adsorbed oxygen species.
2N O

N2  O2,ads

H2



H2 O

(2.20)

Initial results for NOX reduction with hydrocarbons were conducted by Held
et al. (1990) and Iwamoto and Hamada (1991) with different zeolite and metal oxide
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based catalysts, defining a silver-alumina catalyst as effective in HC-NOX reduction.
Satokawa (2000) and Satokawa et al. (2003, 2007) included hydrogen in the reduction
of NOX with hydrocarbons and reported a distinct enhancement effect of hydrogen.
Satokawa (2000) investigated the influence of different levels of H2 on the NOX
conversion over a 2 wt% Ag/Al2 O3 catalyst with propane (Figure 2.14), showing
a clear promoting effect of hydrogen on the NOX conversion rate, where hydrogen
not only improved the reduction rate to almost 60 % at 729 K (compared to 10 %
without H2 ) but also widened the temperature range for reactions to take place.
Reduction of NOX with C3 H8 started below 600 K when H2 was added, relative to
around 750 K without H2 , with a distinct effect apparent with small amounts of
hydrogen added, an effect which decreased with increasing H2 levels.

Figure 2.14: NOX conversion over a 2 wt% Ag/Al2 O3 at various H2 concentrations.
Feed: NO/C3 H8 /O2 / levels of H2 (Satokawa, 2000)
Hydrogen improved the NOX conversion efficiency for all tested light hydrocarbons
(CH4 to i-C4 H10 ) and decreased the influence of the gas hourly space velocity (GHSV)
on NOX conversion (Satokawa, 2000). The NOX reduction stabilised with propane and
-1
-1
the addition of 451 ppm H2 at 50 % over the GHSV range of 22,000 h to 132,000 h ,
in comparison to a decrease to 0 % reduction at the highest GHSV without additional
H2 . Satokawa et al. (2003) further demonstrated that the beneficial low temperature
effect (< 300 °C) of H2 was connected to the silver active sites dispersed on an
aluminium oxide support, with other support materials (e.g. Ag/TiO2 , Ag/Ga2 O3 ,
Co/Al2 O3 ) not showing similar beneficial effects. It should also be pointed out that
hydrogen addition increased the oxidation capability of NO to NO2 , as well as the
resistance again sulphur poisoning. Low temperature oxidation went from 10 % at
500 K to almost 80 % with the addition of 500 ppm H2 , and the same hydrogen
amount stabilised the NOX conversion at roughly 50 % (T = 723 K) for more than
500 minutes even with SO2 added to the feed stream, in comparison to a decrease to
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half of this rate without hydrogen. The latter quality might be important in regards
of preventing a reduced catalyst activity by sulphur selectively poisoning active
sites, potentially introduced through regular gasoline fuel (different deactivation
processes described in Section 2.1.4), which despite the high European Standards for
sulphur-free fuel, still contains small amounts of sulphur.
Improved oxidation of NO to NO2 by decomposition of surface nitrates on
Ag/Al2 O3 and a following easier reduction of nitrogen dioxide by hydrogen or
hydrocarbons was offered as a possible explanation for the beneficial behaviour
with extra hydrogen. It was further suggested that H2 increased the production of
intermediates like acetate and isocyanate species. Further research by Shibata et al.
0
(2004) and Satokawa et al. (2007) observed the agglomeration of Ag clusters on
the catalytic surface via UV-vis spectroscopy, created by reduced silver ions through
the H2 added, potentially promoting the reduction of nitrogen oxides and therefore
activating the hydrocarbon conversion and vice versa.
Following Shibata et al. (2004), Richter et al. (2004a) investigated different
catalytic preparation techniques for a higher conversion activity and an increased
understanding of the “H2 effect”. The sol-gel method, in comparison to the wetness
impregnation technique used by Satokawa et al. (2003), and different silver loadings
were used, which resulted in the best performance with a 2 wt% Ag/Al2 O3 catalyst
and the H2 addition of 1.0 vol% achieved an 80 % conversion rate at 673 K and
widened the possible temperature range of conversion from 150 K to roughly 350 K
in a NO/C3 H8 /O2 /H2 O/H2 gas feed, similar to the results observed by Satokawa
et al. (2003). Richter et al. (2004a) proposed a similar rationale for the “H2 effect” in
which hydrogen increases the formation of intermediates and promotes the reduction
0
of silver to Ag , which tends to form clusters on the alumina surface, leading to
the dissociative adsorption of NO and O2 to form surface species and thus raise
hydrocarbon activity.
Burch et al. (2004) demonstrated the beneficial effect of hydrogen on a Ag/Al2 O3
coated catalyst in NOX reduction with longer hydrocarbons like octane, in comparison to short-chain hydrocarbons, in a quartz tubular downflow reactor and a
NO/O2 /C8 H18 /H2 O exhaust composition. Figure 2.15 shows the acquired results
with a hydrogen addition of 0.72 % and C8 H18 as reductant, which lead to a start of
conversion at a temperatures as low as 100 °C and an almost complete conversion
of NOX at 200 °C (Figure 2.15a). The additional hydrogen seemed to extend the
temperature range in which octane could be combusted on the catalyst surface
(Figure 2.15b).
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low temperatures (<200 C) NO conversion exceeds
NOx conversion, indicating that the presence of hydrogen promotes the formation of NO2 at these temperatures. Figure 1(b) shows the hydrogen and octane
conversions for the same experiment. It is clearly evident
that the presence of hydrogen greatly reduces the
temperature at which the hydrocarbon combusts. It is
also particularly striking that the combustion takes
place over such an extended range of temperatures,
starting at 100 C but not attaining complete conversion

promotes the conversion of NO to NO2 but also
promotes its conversion to other products such as N2,
N2O and/or NH3. Satokawa et al. [3] have also noted
that hydrogen enhances the rate of oxidation of NO to
NO2 but did not report any conversion of NO to other
products.
In order to monitor the time evolution of NOx
conversion in the absence and presence of hydrogen, an
experiment was conducted in which hydrogen was
periodically switched in and out at 250 C for a given

2.3 Hydrogen

Figure 1. The eﬀect of H2 on NOx reduction by octane on a Ag/Al2O3 catalyst, showing (a) (¤) NO conversion octane alone; ()) NOx

conversion octane alone; (n)NO conversion with 0.72% H ; (h) NO conversion with 0.72% H . (b) (n) H conversion; (¤) octane conversion
Figure with
2.15:
The effect of H2 absence
on NO
reduction by octane on a Ag/Al2 O3 catalyst.
0.72% H ; ()) octane conversion in the
of H .X
(a) () NO conversion octane alone; () NOX conversion octane alone;
(t) NO conversion with 0.72 % H2 ; (s) NOX conversion with 0.72 %
H2 (b) (t) H2 conversion; () octane conversion with 0.72 % H2 ; ()
octane conversion w/o H2 (Burch et al., 2004)
2
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x
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Houel et al. (2007) extended this sequence to longer-chain hydrocarbons and
proposed, with the addition of 3200 ppm H2 , the following order of HC in steady-state
NOX conversion; from best octane to worst ultra-low sulphur diesel (ULSD):
Octane > Decane > Dodecane > GTL-fuel > ULSD
Single component reductants showed a better performance with hydrogen addition
than fully formulated fuels, reaching close to 100 % NOX conversion at around 250 °C.
Additionally, it was pointed out that the ratio of carbon to nitrogen dioxide in the
exhaust gas played a significant role in the conversion efficiency (Houel et al., 2007).
The addition of different amounts of long chain fuels, such as ULSD, significantly
increased the C/NOX ratio, leading to blocked active sites not being cleared fast
enough by hydrogen, which consequently resulted in reduced conversion rates over
time, while low ratios (C/NOX = 1.8) maintained an enhanced and steady conversion
rate. Additional experiments, performed by switching hydrogen on and off while
keeping a steady flow of the other species, suggested a form of H2 storage on the
surface of the catalyst (Burch et al., 2004). A steady NOX conversion of almost
100 % was achieved with hydrogen addition, cutting the H2 supply was followed
by a decrease in conversion rate until steady-state was reached which happened
roughly five times slower than the increase in conversion rate when the H2 supply
was switched back on. In combination with in situ spectra analysis, Burch et al.
(2004) suggested that the Ag/Al2 O3 washcoat, together with the added hydrogen,
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enabled the catalyst to store carbon-nitrogen species and remove active site blocking
species from the surface.
The review of Breen and Burch (2006) suggested that the findings of Shibata
et al. (2004), Richter et al. (2004a) and Satokawa et al. (2003) were part of a possibly
more complex explanation of the “hydrogen effect” on silver-alumina catalysts but
unable to adequately describe the slow decrease in conversion rates observed in step
experiments, leading to experiments with isotopically labelled 15NO to increase the
understanding of a potential H2 mechanism. Step experiments were performed on
a 2wt % Ag/Al2 O3 catalyst in the temperature range of 245 °C – 400 °C and an
additional hydrogen level of 0.72 %, switched on and off in 60 s intervals, resulting
in different time delays prior to reaching a steady-state conversion efficiency (Breen
et al., 2007, 2009). Based on the amount of labelled nitrogen, it was concluded
that 16 % of 15N was stored in some form of intermediate species on the catalyst
surface at temperatures up to 300 °C, which decomposed after H2 was switched off
or reacted to N2 with the available NOX . Additionally, elevated 15 N2 out emissions
with reduced hydrogen cycle times (6 s intervals) were observed, which resulted in a
constant NOX conversion efficiency of 79 % at 300 °C.

2.3.6

NH3 -SCR Improved by Hydrogen

Richter et al. (2004b) claimed to be the first to report a beneficial impact of
hydrogen on NOX reduction with NH3 over Ag/Al2 O2 catalysts in a lean exhaust
gas environment, stating almost 100 % NO to N2 conversion above 200 °C with
1 % hydrogen addition over a 1 wt% silver loaded alumina catalyst, an increase
of roughly 95 % relative to tests without H2 added. A 5 wt% silver loading with
the same NO/NH3 /O2 /H2 O/H2 gas flow resulted in a 60 % conversion rate at a
temperature as low as 150 °C, which is roughly 50 °C less than commonly used
catalysts (Ti/V2 O5 ) for NH3 -SCR require for a similar conversion rate. Additionally,
lower hydrogen levels (2500 ppm) were examined and yielded at 300 °C a close to
100 % NO overall conversion, with a high selectivity towards N2 production for all
experiments. Conclusions similar to those drawn for HC-SCR have been presented as
possible explanations for this boosting effect; that is hydrogen reduces silver species
which possibly increases the reactivity of nitrogen monoxide, thereby improving
reactivity with ammonia.
Shimizu and Satsuma (2007) extended the investigation into the effects of H2 on
the SCR of NOX with urea, most commonly used as a 32.5 wt% urea in deionised water
solution in the automotive industry due to easier storage and handling (Hagelüken,
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Fig. 2. Effect of silver loading of Ag/Al2O3 on NO conversion in H2–urea-SCR
at 250 8C (GHSV = 75,000 h 1).
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Doronkin et al. (2012) and Tamm et al. (2013) sought for an increased understanding of possible reaction paths leading to the positive effect of hydrogen and the
impact of the gas composition on these reactions. Doronkin et al. (2012) excluded
individual species from the gas composition; NH3 deficiency, for example, showed
an increasing effect of hydrogen on rates of NO oxidation, which commenced at
100 °C with 1200 ppm of H2 added and peaked with a 60 % conversion rate of NO to
75

2.3 Hydrogen
NO2 , but a low NO to N2 selectivity, between 250 °C and 300 °C, while the absence
of H2 and NH3 resulted in no oxidation over the same catalyst. Varying support
materials for silver, like titanium/zirconium dioxide or pure Al2 O3 , highlighted a
coupled dependency between silver and alumina in the catalyst composition, which
was concluded as essential for the activity and selectivity with hydrogen addition.
Based on infrared spectroscopy studies, it was proposed that hydrogen takes part
in reducing surface nitrates and thereby opening blocked catalytic sites, leading to
increased conversion rates and a higher selectivity towards N2 .
Tamm et al. (2013) varied the exhaust gas composition over a 6 wt% Ag/Al2 O3
washcoated monolith to further investigate hydrogen-assisted lean NH3 -SCR and
Figure 2.17 displays
theetmain
findings.
S. Tamm
al. / Applied
Catalysis B: Environmental 136–137 (2013) 168–176
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was observed. The optimum global ratio between the species NO:NH3 :H2 for NOX
reduction was suggested to be 1:1:2, which would ensure the presence of sufficient
oxidative and reductive species to reach high conversion rates (Tamm et al., 2013).
The impact of hydrogen on the conversion efficiency of CO and different hydrocarbons, or the dependency of NO, NH3 and H2 in reducing nitrogen oxides over different
catalysts was outlined in the previous sections; however, the predominantly single-gas
mixtures replicating the exhaust environment and the temperature distribution in the
utilised micro-reactor catalysts might not always be able to adequately represent the
gas composition of a commercial engine and the effect on a full scale after-treatment
system. For example, only in the reviewed work of Houel et al. (2007) was carbon
monoxide included in the gas mixtures, even though early studies discussed the
possible co-dependency of CO and H2 on transition metal catalysts (Kobylinski and
Taylor, 1974), a limitation corroborated by the following quote of Breen and Burch
(2006):
“It is possible that all these promotional effects are important but that their
overall impact very much depends on the reaction temperature and gas composition.”

2.3.7

Hydrogen Effects in Real-World Applications

Katare and Laing (2009) measured and compared the H2 to CO ratio of a diesel
and a gasoline engine using the US FTP cycle, observing a similar H2 :CO ratio of
1:3 in gasoline engine-out exhaust as suggested by Heywood (1988) and a negligible
ratio in diesel exhaust. A synthetic diesel exhaust mixture with an adjusted 1:3
ratio reduced the light-off temperature of carbon monoxide and hydrocarbons over
a DOC by approximately 20 °C, and it was suggested that a 20 °C reduction in
light-off temperature could be equivalent to a decrease in precious metal loading
3
of a DOC by up to 70 g/ft . Hasan et al. (2016) reported a beneficial effect of
H2 addition in oxidising unregulated emissions, especially methyl-naphthalene and
naphthalene (potentially carcinogenic) when using an innovative three-zone TWC as
an after-treatment system on an advanced GDI engine, operated in an homogeneous
charge compression ignition lean mode, increasing the conversion efficiency from
around 20 % to more than 95 %.
Sitshebo et al. (2009) investigated the influence of hydrogen on HC-SCR over
a 2 wt% silver-alumina washcoat, applied on a ceramic monolith (75 mm length,
Ø 115 mm, 600 cpsi), with different levels of hydrogen (0 - 5000 ppm) introduced
upstream of the catalyst into the exhaust stream of a single-cylinder diesel engine.
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Figure
2.19: (a) NOX -N2 conversion and (b) NOX reduction with 1500 ppm H2
addition over a Ag/Al2 O3 SCR-catalyst (Sitshebo et al., 2009)

at 75 % load across all engine speeds was suggested to arise from a shorter residence
time in the catalyst.
Kong et al. (2004) examined the influence of hydrogen-rich reformat in comparison
to diesel as a reductant in a heavy-duty NOX storage device. The reformer was
operated by the same diesel fuel to identify changes in the overall fuel efficiency and
an outlet gas composition of 21 % H2 , 20 % CO, 3 % CO2 , 2 % HC and N2 was
stated. A low temperature regeneration was observed with the reformate gas, with
close to 90 % NOX conversion at 145 °C, while diesel as a reductant was not able
to reduce NOX at this temperature. An overall improvement in reduction efficiency
from 79 % to 90 % (at constant fuel penalty) with the reformate gas was observed
for a heavy-duty driving procedure (ESC mode 5), and additionally, a decrease in
fuel consumption penalty was achieved, dropping from 8.23 % with diesel fuel to
4.74 % with H2 reformate, at a comparable NOX conversion rate of 50 %.
Fogel and Gabrielsson (2014) conducted a variety of steady-state and transient
test cycles for NH3 -SCR over a 4 wt% Ag/Al2 O3 catalyst, in combination with an
iron zeolite catalyst, with a 2.0L 5-cylinder DI diesel engine as exhaust source. The
combined catalysts achieved a higher overall NOX conversion rate with the addition
of hydrogen than Ag/Al2 O3 only for the temperature range of 150 °C – 450 °C. The
exact amount of introduced hydrogen was not specified because it was created by
feeding NH3 through a device decomposing NH3 into H2 and N2 . It was suggested
that the low conversion efficiency (< 30 %) of the silver-alumina catalyst over the
whole temperature range might occur due to a lack of available hydrogen in the
process or the deactivation of the catalyst through a variety of contamination species,
for example, by blocking active sites on the catalytic surface with soot.
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Park et al. (2010) investigated the influence of hydrogen on the regeneration of
diesel particulate filters, where exhaust from a 2.0L direct-injection diesel engine
was partially branched off and guided through two multi-channel DPF samples, one
coated with Pt/Al2 O3 . The regeneration was performed at 1500 rpm and 2 bar
BMEP, after a loading with 8 g/L of soot, and an added hydrogen level of 6 %,
which achieved a mass reduction of almost 7 grams in less than 40 minutes with a
minimum level of 3 % hydrogen required to initiate a regeneration process. The main
beneficial effect of hydrogen was explained to be the exothermic hydrogen oxidation
on the catalytic surface, leading to an abrupt increase in surface temperatures of the
coated DPF, from 200 °C to over 600 °C, during the regeneration process with 6 %
H2 added.
Hemmings and Megaritis (2012) investigated the importance of different concentration H2 /CO mixtures, injected into the exhaust flow, on the regeneration
capability of a DPF. The DPF, without any catalytic coating, was loaded according
to a standardised procedure and a reduction in regeneration time was observed with
the addition of a H2 /CO mixture. An optimal H2 /CO ratio of 60/40 introduced
as 6 vol% into the exhaust flow showed the highest overall benefit, with a mean
particulate filter temperature increase of 160 °C (440 °C to 600 °C) and a full
regeneration completed in approximately 15 minutes. The main effect of the H2 /CO
addition was suggested to be the increase in catalyst surface temperature through
the combustion of the mixture, leading to regeneration temperatures inside the filter
without the need of operating the engine at high load.

2.4

Oxygenated Fuel Molecules

The World Energy Council projects in their Freeway scenario an increase in diesel
and gasoline demand by 28 %, and an overall increase in the consumption of fuel
for combustion by 51 % in 2050 (World Energy Council, 2011). Reduction of CO2
output to limit the effects of GHG emissions on the global climate, while meeting
the increasing global demand in fuel, even under less extreme scenarios, is a very
ambitious goal. In the current global market for biofuels, ethanol and fatty acid
methyl esters (FAME) are almost solely used as drop-in blends for SI and CI engine
fuels (Leitner et al., 2017). FAME, as a blend for diesel, is predominantly produced
via the transesterification of oils extracted from soybean or oil palms. Ethanol
blended at different levels throughout the world with gasoline is mainly produced
by the fermentation of crop-based carbohydrates gained from corn and sugar cane.
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Any potential gasoline fuel or blending component should, besides being able to
vaporise and form a flammable mixture, not be harmful or reduce the durability
of any auxiliary systems, for example, after-treatment or fuel delivery (Kalghatgi
and Stone, 2018). The following sections briefly discuss a potential classification of
biofuels, possible sources of sustainable and advanced biofuels, as well as their effects
on emission formation and catalytic performance.

2.4.1

Legislative Boundaries and Classification

The global market for ethanol is dominated by the United States and Brazil with
a market share of more than 80 % of the worldwide ethanol production in 2017.
The US market alone increased from 660 million litres in 1980 to almost 60 billion
litres in 2017 (Renewable Fuels Association (RFA), 2018), which is almost half
of the 140 billion litres of the global ethanol consumption for the transportation
sector in that year. However, the International Energy Agency stated that the
expected yearly growth of 3 % for biofuels would not be enough to meet the goals of
the Sustainable Development Scenario, which projected the increase in the global
temperature below the maximum 2 °C threshold set in the Paris agreement. The
target of 10 % biofuel being used as part of the global transport fuel consumption
in 2030, would need an increase to 490 billion litres of global biofuel production
(International Energy Agency, 2018). Additionally, the Sustainable Development
Scenario set clear sustainability requirements for biofuel production in reducing
purposely grown crops so as not to compromise food and feed production due to an
indirect land use change; furthermore, the replacement of non-cropland to maintain
stable food and feed prices, could negate any CO2 and GHG savings due to the
reduced absorption capabilities of those forests and grasslands.
Over 60 countries have implemented measures to increase the use of biofuels to
meet these important goals; for example, tax incentives in Canada or mandatory
blending levels in the US and Brazil (International Energy Agency, 2014). With
the “Clean Energy for All Europeans package”, the European Parliament raised
the target for Renewable Energy Sources in 2030 even further, from an initially
proposed 27 % to at least 32 % (European Commission, 2018a). The Renewable
Energy Directive aimed to produce 10 % of the energy consumed in transport from
renewable sources in 2020, and it limited the amount of crop-based biofuels grown on
agricultural land to 7 %. In 2018 the European Parliament adopted the Renewable
Energy Directive II package to meet the Renewable Energy Sources targets, which
increased the levels for biofuel in the energy mix further, adding, in comparison
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to the initial proposal, a minimum threshold of 14 % for energy consumed in the
road and rail transport sector to originate from renewable sources in 2030 (Giuntoli,
2018). Furthermore, Renewable Energy Directive II included specific GHG and
sustainability criteria for biofuels to be creditable towards the overall Renewable
st
Energy Sources target, as well as a cap on 1 generation biofuels and incentives for
advanced biofuels derived from sustainable feedstocks, for example, algae, bagasse
and household bio-waste (Giuntoli, 2018).
The International Energy Agency defined advanced biofuels as sustainable fuels
which provide significant savings in GHG emissions over their life-cycle in comparison
to fossil fuels and originate from non-food crops without any direct competition for
agricultural land. The European Technology and Innovation Platform for Bioenergy
(European Technology and Innovation Platform Bioenergy, 2018) describes advanced
biofuels with the following attributes:
1.

- Lignocellulosic feedstock
- Non-food crops
- Industrial waste and residue streams

2.

Low levels of CO2 emissions or high GHG reduction

3.

Zero or low indirect land use change impact

An additional classification, based on the carbon source for biofuel production,
suggested by Nigam and Singh (2011) clustered biofuels as follows in three generations:
st

1 gen.
nd

2

rd

3

Source of biofuels is sugar, lipid or starch, which is directly extracted from
plants with direct or potential competition for food production.

gen.

Source of biofuels is cellulose, hemicellulose, lignin or pectin extracted
for example from agricultural-/ forest waste and purpose-grown non-food
feedstocks.

gen.

Source of biofuels is aquatic autotrophic organisms extracted for example
from algae or seaweeds where carbon dioxide, light and nutrients result in
feedstock generation.

The physicochemical properties of a fuel molecule are directly linked to its
structure, and the hydrocarbon structure of fossil fuels offers only a slight flexibility
to adjust physicochemical properties, however, the vast variety of possible advanced
biofuel molecules, due to the different possible feedstocks and production processes,
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can potentially be directed towards properties with beneficial effects on GHG and
engine-out emissions (Janssen et al., 2011). Leitner et al. (2017) considered the
possibility of choosing a potential fuel molecule based on specific properties, with
the aim for a cleaner future fuel, an additional degree of freedom in the definition
process of advanced biofuels and suggested a retrosynthetic approach to deal with
the large variety of possible feedstocks. A viable fuel molecule could be identified on
the base of their combustion characteristics, emission tendencies or other desirable
properties, which are traced back to define sustainable production processes for easily
obtainable intermediate platform molecules and possible feedstock sources.
Lignocellulosic feedstock has been identified as one of the most abundant resources for the production of advanced biofuels (Perlack et al., 2005) and a possible
source for various oxygenated fuel molecules (Leitner et al., 2017; McCormick et al.,
2015; Sudholt et al., 2017; Yanowitz et al., 2011). The five- and six-carbon sugars
incorporated in the cellulose and hemicellulose part of lignocellulosic biomass can be
converted to possible oxygenated fuel additives, based on different platform molecules
like furfural, 5-hydroxymethyl-2-furaldehyde or levulinic acid (Leitner et al., 2017;
Yanowitz et al., 2011).

2.4.2

Potential Pathways towards Oxygenated Molecules

The conversion of non-edible biomass into potential chemicals and fuel components
can be divided into two main pathways, thermochemical and hydrolysis, which both
incorporate a range of different processes as shown in Figure 2.20. It should be
noted that the summary in Figure 2.20 serves as an overview of possible routes and
processes without any claim of being complete, primarily due to the fact that the
classification of biomass sources and conversion methods is not always unambiguous,
so any real-world application would probably require a combination of multiple
approaches to handle different feedstocks.
The thermochemical path uses temperature, as well as pressure for the production
of intermediates which can be further processed into liquid fuels or other energy
sources, with gasification, pyrolysis and liquefaction as three possible routes. Catalysts can play an improving role in each of the routes to lower the temperature
necessary or increase the yield of the desired product. Gasification, the partial
combustion of biomass at temperatures up to 1500 K, yields a gas (syngas/ producer
gas) with different proportions of CO, H2 , CO2 , CH4 and N2 , depending on the
source used to combust the biomass (Huber et al., 2006). It has been shown that
syngas can be produced from glycerol, a possible by-product in ethanol production
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Figure 2.20: Schematic of potential production routes based on lignocellulosic biomass (adapted from Huber et al. (2006) and Alonso et al. (2010))
from lignocellulose, at temperatures below 620 K over a Pt catalyst (Soares et al.,
2006). Figure 2.20 displays constitutive processes like Fischer-Tropsch-, methanol
synthesis or the WGS to generate gaseous and liquid fuels primarily used for power
generation.
Bio-oils, a liquid mixture of more than 350 different oxygenated components, can
be gained from pyrolysis or liquefaction of biomass at yields of over 60 %, generally
at a lower temperature (< 800 K) than gasification, with solid char and lighthydrocarbons as additional outputs (Alonso et al., 2010). Increased temperatures,
heating rates and residences times, as well as the absence of oxygen, required in
fast- and flash-pyrolysis, reduced the solid part in the process and increased the
bio-oil yield up to 80 % depending on the feedstock (Demirbas, 2004; Huber et al.,
2006; Naik et al., 2010). Zeolite catalyst assisted pyrolysis of lignocellulosic biomass
showed a possible way for the production of specific hydrocarbon aromatics with
yields up to 30 % (Carlson et al., 2009); however, the formed char can lead to catalyst
deactivation (Li et al., 2015).
The liquefaction process differs from pyrolysis; it is executed at a lower temperature (525-725 K) but higher pressure (up to 200 atm) and with the requirement
for a longer residence time to produce bio-oil with a reduced oxygen content and
an increased energy density (Alonso et al., 2010; Huber et al., 2006). The bio-oil
yields contain around 16 wt% of oxygen with a higher heating value of 34 MJ/kg,
in comparison to up to 40 wt% and a higher heating value of up to 19 MJ/kg
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through pyrolysis (Czernik and Bridgwater, 2004; Elliott and Schiefelbein, 1989).
However, necessary solvents, reducing gases, catalysts and a longer residence time
result in a more expensive process (Alonso et al., 2010), as both bio-oil types have
to undergo upgrade processes to be useable in the established infrastructure and to
meet requirements as potential fuel blending components (Huber et al., 2006).
The hydrolysis routes have (Figure 2.20), in comparison to the thermochemical
conversion of lignocellulose biomass, an increased selectivity towards potential platform molecules, which can be further processed to viable hydrocarbon molecules for
possible use in the transportation sector (Alonso et al., 2010). The probably most
complex and cost-intensive step in the conversion of lignocellulose, with an estimated
prices of up to 0.08$ per litre of ethanol (Mosier, 2005), is the pretreatment to
break-up and separate the lignin structure from the cellulose fraction, which can be
accomplished by a combination of different physical, chemical and thermal processes
(Huber et al., 2006). Possible subsequent conversion steps can be performed at higher
efficiencies, with a variety of catalyst techniques and much faster than, for example,
the biological route of yeast-based sugar fermentation (Alonso et al., 2010).
Fermentation organisms perform the conversion of cellulose and starch to ethanol
in seven and two days respectively, while an entirely chemical route can yield the
platform molecule levulinic acid in 30 minutes (Hayes et al., 2006). Depending on
the source, the lignin fraction represents between 10 % - 35 % and the C5 /C6 sugar
polymers of hemicellulose and cellulose account for the remaining 20 % - 30 % and
40 % - 50 % of lignocellulose biomass respectively; however, up to 40 wt% of the
biomass energy is stored in lignin (Li et al., 2015) and is mostly utilised for power
and heat generation with less than 5 % converted into higher value goods (Hu et al.,
2011). Li et al. (2015) published an extensive summary with possible pathways of
lignin processing to increase sustainably the level of biomass converted into usable
molecules.
The selective transformation of aqueous sugars to yield potential hydrocarbon
fuels can be achieved through processes like dehydration or hydrogenation, which
reduce the oxygen content and increase the energy density through a variety of
catalysts. Huber and Dumesic (2006); Huber et al. (2006) and Alonso et al. (2010)
provided detailed descriptions about aqueous-phase processing routes and potential
platform molecules, only covering a range of potential routes of converting biomass
into future fuel molecules, whereas a sustainable and cost-effective biorefinery would
need to combine a variety of processes and different feedstocks to convert and use all
available fractions of the input materials (Naik et al., 2010).
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The biochemical route of biomass fermentation has been known for more than
10,000 of years (The Editors of Encyclopaedia Britannica, 2017) but increasing
blending limits for oxygenates, as partial gasoline replacement, and rising demand
for oxygenated fuels lead to growing interest in enhanced microorganisms for biomass
conversion. High yields of ethanol with small levels of by-products are achieved
through fermentation with the yeast strain Saccharomyces cerevisiae, yielding up to
490 litres of ethanol per metric ton of corn grain, and the development of genetically
modified strains of S. cerevisiae, which also ferment the xylose sugars in lignocellulose,
as well as the glucose, would increase the overall conversion of biomass even further
(Huber et al., 2006; Sonderegger et al., 2004). S. cerevisiae is able to transfer almost
the entire energy stored in corn starch or sugarcane into the resulting ethanol, even
though almost half the mass is converted to CO2 (Huber et al., 2006).
Since first being documented by Pasteur in 1862 (Pasteur, 1862), anaerobe
Clostridium bacteria are the most researched organisms concerning butanol fermentation (Dürre, 2008). Different strains have shown the potential to increase the yield
and reduce the by-products of biomass fermentation (Harvey and Meylemans, 2011),
which has a typical ratio of 6:3:1 in the production of butanol, acetone and ethanol.
The butanol levels achievable are self-limiting through the toxicity of the solvent in
which the organism can still survive (Nigam and Singh, 2011). The physicochemical
properties of butanol are closer to gasoline than those of ethanol which could be an
advantage in the handling and usage of butanol as a gasoline drop-in blend (Harvey
and Meylemans, 2011). Dowson et al. (2013) reported a ruthenium-based catalyst
with a 94 % selectivity to upgrade ethanol to n-butanol, and modified organisms have
shown levels up to 20 g/L of butanol in the final solvent after the fermentation with
Clostridium bacteria (Chen and Blaschek, 1999), however, extraction and purifying
costs (40 % of the overall price) make the overall process not yet viable. Huang
et al. (2009) demonstrated the production of microbial oil with the fungi related
Trichosporon fermentans microbe, yielding lipid levels of 11.5 %, which could be used
as a source for potential fuel molecules.
The next stage of research is directed towards a completely CO2 neutral production
cycle with third generation biofuels and the help of photosynthetic microorganisms
like algae, which can capture CO2 and use sunlight and available nutrients to produce,
among other things, lipids and hydrocarbons (Nigam and Singh, 2011). Chisti (2007)
described different types of microalgae, potentially even genetically modified towards
specific output parameters, with potential dry oil contents above 75 %, which would
result in a significantly higher oil yield than feedstocks such as corn or soybeans.
Downstream biofuel production from algae-derived biomass theoretically follows
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similar conversion pathways as those described throughout this section (Alam et al.,
2015; Nigam and Singh, 2011).

2.4.3

Oxygenated Fuel Blend Effects on Combustion Performance

Several oxygenated fuel molecules have attracted research interest as a potential
gasoline substitute or drop-in molecule. Ethanol and butanol have been the most
widely considered oxygenated biofuels (Sarathy et al., 2014), while ethers, primarily
MTBE (Schifter et al., 2017a), have been investigated and utilised as knock improver.
Other oxygenated molecules including dimethyl carbonate (Schifter et al., 2017b),
ethyl tert-butyl ether (Schifter et al., 2016) or acetone (Elfasakhany, 2017) have also
been researched to reduce the usage of fossil fuel derived gasoline. Sudholt et al.
(2015) identified 2-methylfuran and 2-methyltetrahydrofuran as viable molecules
based on their ignition characteristics and low cetane number. Wang et al. (2013)
showed the combustion and emission characteristics of two furfural based molecules
to be well suited as gasoline blending components and McCormick et al. (2015)
observed a lower degradation effect of 2,5-dimethylfuran on automotive elastomers
than ethanol, which could ease the introduction into established systems. A CO2
neutral footprint is foreseeable with genetically engineered photosynthetic microbes
like microalgae and cyanobacteria, potentially even useable in a CO2 rich environment,
to produce oxygenated molecules without the need of a biomass feedstock (Hellier
et al., 2015). However, to be considered a potential gasoline additive, any potential
fuel molecule and the resultant blend would need to fulfil legislated criteria to be
usable in established equipment and infrastructure without significant adjustments,
and besides the necessity to meet emission legislation, or even improve tailpipe levels,
it should not affect the lifetime and efficiency of after-treatment systems (Yanowitz
et al., 2011).
Koç et al. (2009) observed a decrease in CO, HC and NOX engine-out levels for
increasing levels of ethanol blended in unleaded gasoline (E0, E50, E85) and tested
in a single-cylinder SI engine over the speed range of 1500 r/min to 5000 r/min. It
was suggested that the higher oxygen content in the fuel blend raised CO and HC
oxidation levels, which resulted in increased levels of complete combustion and that
a reduction of peak in-cylinder temperatures through the higher heat of vaporisation
of ethanol led to lower levels of thermally produced NOX .
Schifter et al. (2017b, 2016) investigated combustion and emissions effects of
different gasoline-ethanol blends with oxygen levels of up to 20 wt% on a single87
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cylinder SI engine, reporting a reduction in NOX and HC engine-out levels with
increasing oxygen content in the fuel blend in comparison to a premium gasoline with
1.8 wt% oxygen, despite increased peak in-cylinder pressures and a higher burning
rate. A statistical analysis of the findings indicated a correlation between the oxygen
content in the fuel blend and CO/CO2 emissions, as well as an inverse effect on NOX
levels, whereas the fuel hydrogen content was suggested to be proportional to the
NOX engine-out levels.
Additional research by Schifter et al. (2018) on tailpipe and engine-out emissions
for ethanol-gasoline blends (up to 85 vol%) showed only small variation in CO2 levels
between the blends, indicating that the reduction of the global CO2 footprint, due to
higher ethanol blend ratios, could only be achieved when taking the full life cycle of
the production into account. Single-cylinder tests showed a reducing trend for NOX
and HC engine-out emissions with increasing ethanol blending levels, and no clear
tendency for CO emissions, suggesting an ethanol-related temperature decrease of
the charge with increasing oxygen content in the fuel blend as a possible explanation
for the reduction in engine-out pollutant levels (Schifter et al., 2018). Furthermore,
two TWC-equipped vehicles showed varying weighted results for regulated tailpipe
emissions over the US FTP-75 cycle, with HC emissions increasing and CO emissions
decreasing with increasing oxygen content in the fuel blend, while NOX tailpipe
emission following opposing trends for the two vehicles.
Thangavelu et al. (2016) concluded by reviewing more than 35 research papers
that more than 88 % of the work showed a decreasing trend for CO, and close to 95 %
of the results a reduction in HC engine-out levels with ethanol-gasoline blends of
various ratios, however, for NOX levels the literature was divided with 58 % reporting
a decrease and 42 % an increase when adding ethanol as a blending component to
gasoline.
Elfasakhany (2016, 2017) investigated n-/iso-butanol blends of up to 10 % by
volume, as well as methanol, ethanol and acetone blends, and the effect on combustion
performance and pollutant formation on a single-cylinder SI engine with an external
mixture preparation. The wide-open throttle (WOT) 2600 r/min test point displayed
a distinct decrease in relative CO and unburned hydrocarbon emissions with all
alcohol blends in comparison to reference gasoline, resulting in a decrease of CO and
unburned hydrocarbon engine-out levels by more than 30 % and 20 % respectively
for the 10 vol% blends of n- and iso-butanol in comparison to baseline gasoline, which
is at least a twofold reduction in comparison to the ethanol blends.
Chen et al. (2015) reported the combustion and emission effects of n-butanol
blends, mixed in ratios up to 50 vol% with commercial RON 93 gasoline, on a
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4-cylinder turbocharged GDI engine at 2000 r/min for three different load points.
Similar to results reviewed with ethanol blends (Thangavelu et al., 2016), on the one
hand, increasing n-butanol levels decreased combustion duration through faster burn
rates and increased the peak in-cylinder pressure for all tested load points, suggested
to be caused by higher flame speeds due to the increased amount of butanol in the
blends, as well as the molecular structure of butanol which increased the number of
hydroxyl radicals causing faster oxidation of the gasoline portion of the blend. On
the other hand, increasing levels of butanol also decreased exhaust temperatures,
tentatively through charge cooling in the compression stroke and faster burning
rates, thereafter, leading to reduced levels NOX with higher butanol blend ratios but
increased CO and HC engine-out emissions for all test points potentially caused by
reduced levels of complete combustion.
Hergueta et al. (2017) studied the combustion and emissions characteristics of
33 vol% butanol blended in commercial gasoline (5 vol% ethanol), combined with
external EGR, at a low and medium load test point on a turbocharged 4-cylinder 2L
GDI engine at 2100 r/min. The butanol blend showed, in comparison to gasoline, a
beneficial effect on HC emissions for both load points, which became insignificant
when the highest applicable EGR was introduced. Converse trends were visible with
NOX engine-out levels, with negligible effects of the butanol blend without EGR and
a significant decrease in NOX emissions when EGR was used.
Wang et al. (2013) investigated combustion and emission effects of pure 2,5dimethylfuran and 2-methylfuran, in comparison to gasoline and ethanol, with
two different loads at 1500 rpm on a single-cylinder spray-guided DI-SI engine. 2methylfuran showed a faster burn rate than the other fuels, which led to increased
peak in-cylinder pressures and temperatures at the same load and injection conditions
and also to a higher combustion stability, represented by a COV over IMEP below
2 % and consistently lower than gasoline, ethanol and 2,5-dimethylfuran for the
IMEP range tested (3.5 – 8.5 bar). Engine-out HC levels decreased with the use
of oxygenated fuels to levels of 3.5 g/kWh with 2-methylfuran and below 2 g/kWh
with ethanol, reduced from 6 g/kWh at 3.5 bar IMEP with gasoline, likely to be
caused by the increased oxygen content of the individual fuels; however, higher
in-cylinder temperatures resulted in significantly higher NOX emission levels from
2-methylfuran and 2,5-dimethylfuran in comparison to gasoline. In terms of CO
emissions, no beneficial effect with the use of oxygenated fuel molecules was observed
in comparison to gasoline, tentatively due to an easier mixture formation of gasoline
caused by the higher volatility.
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Similar trends were reported by Thewes et al. (2011) for a test series at 2000 r/min
and changing load conditions on a single cylinder SI engine with single component
2-methylfuran, in comparison to ethanol and reference RON 95 gasoline, resulting in
a faster combustion with 2-methylfuran and ethanol, especially with higher loads
where the auto-ignition limit of RON 95 gasoline at a compression ratio of 12:1
was reached. Higher peak pressures and temperatures of 2-methylfuran resulted
in increased levels of NOX engine-out levels in comparison to ethanol and gasoline,
but led to lower levels of HC due to possibly improved post oxidation throughout
and after the exhaust stroke. Additional research was conducted by Hoppe et al.
(2016a,b) on the same research engine and with the same test procedure, but with
an increased compression ratio of 13.5 due to the high octane rating of 2-butanone,
in comparison to 2-methylfuran, ethanol and RON 95 gasoline. Due to the high
compression ratio, single component 2-butanone was compared to ethanol rather
than gasoline, and a very similar combustion performance over the whole tested
IMEP range of 0.3 – 2.4 MPa was observed, with a small increase in NOX emission
possibly caused by the lower heat of vaporisation of 2-butanone compared to ethanol.
Multiple experimental observations dealing with the influence of different oxygenated fuel molecules on soot propensity were statistically examined by PepiotDesjardins et al. (2008), concluding that overall the examined oxygenates decreased
the tendency for soot formation in comparison to the relative base fuel. Specifically
stated was a higher soot reduction tendency for oxygenated molecules with the
functional groups of aldehydes and ketones in comparison to alcohols, ethers or esters.
However, it was mentioned that a dilution effect always has to be considered, where
HC fuel with a high sooting tendency is partially replaced with shorter paraffinic
structures with a lower tendency to produce soot, independent of the amount and
bonding type of the oxygen in the molecule. Westbrook et al. (2006) observed a
lower amount of soot precursors when using alcohols or ethers rather than esters,
with the same oxygen mass fraction, as diesel drop-in blend, suggesting that the
C-O bond of the oxygenate survives the fuel-rich ignition which consequently leads
to reduced availability of carbon to produce soot. Similar trends were observed
for ethanol, 2-methylfuran, 2-butanone (Hoppe et al., 2016a; Wang et al., 2013) or
butanol (Hergueta et al., 2017) as gasoline blending molecules or single-component
fuels resulting in a distinct effect of reducing engine-out particulate emissions.
Boot et al. (2017) and Awad et al. (2018a,b) published extensive summaries
dealing with potential future fuels, including possible advantages like improved octane
ratings, leading to a higher engine efficiency or an H/C-ratio reduction of oxygenated
fuel blends resulting in a positive CO2 output effect (if sourced sustainably), but
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also discussing disadvantages of different oxygenates as potential gasoline blending
components, such as a lower heating value or potential corrosiveness, which might
lead to an incompatibility in established systems and infrastructure. Additionally,
Kohse-Höinghaus et al. (2010) and Sarathy et al. (2014) published detailed reports
regarding possible oxygenates, their combustion chemistry and potential reaction
pathways.

2.4.4

Oxygenated Fuel Blend Effects on Catalytic Performance

Iodice et al. (2018) investigated tailpipe emissions of a one-litre DI-SI motorcycle
engine, equipped with a TWC and closed-loop (CL) lambda control, for ethanol
blends up to 30 vol%. Hot ECE cycle tests, in comparison to cold-start cycles,
showed an increase in reduction of CO, HC and NOX emissions with increasing
oxygen levels in the fuel blends, compared to oxygen-free baseline gasoline, which
was mainly attributed to an increase in oxygen content and a lower heating value
of the blend leading to increased levels of complete combustion and a decrease in
combustion temperature and hence lower engine-out levels; the lower cold-start cycle
performance was attributed to catalyst inefficiency at these conditions and mixture
enrichment. Butanol-diesel blends (20 vol%) increased the conversion efficiency and
decreased the light-off temperatures of CO and THC oxidation over a Pt/Pd-doped
DOC (Fayad et al., 2018, 2017), suggesting that the butanol in the fuel blend and
its derivatives in the exhaust stream led to an increase in reactivity and diffusivity
resulting in an earlier light-off. Additionally, increased levels of NO2 and a reducing
tendency for particulate engine-out levels potentially led to the higher conversion
efficiency of the DOC.
Jin et al. (2017); Suarez-Bertoa et al. (2015) undertook chassis dynamometer
tests using WLTC and FTP-75 drive cycles with GDI vehicles operated on various
ethanol-gasoline blends up to E85. The tailpipe emission levels showed no consistent
trend for any of the three legislated species; CO decreased with the FTP-75 cycle
and increased over the WLTC with increasing ethanol levels, yet for THC levels
the opposite trend was reported, while NOX levels decreased over the WLTC cycle,
no distinct effect was shown over the FTP-75 with higher ethanol blending ratios.
However, a definite increase in unregulated species, including aldehydes, was observed
over both cycles with increasing ethanol levels.
Rodrigues de Almeida et al. (2014) investigated the ageing of a TWC converter
in a vehicle fuelled with an E22 blend in comparison to pure hydrous ethanol (water
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content 4.9 %v/v), which resulted in engine operations with an advanced sparktiming compared to the E22 blend, hence lower exhaust temperatures, leading to a
third test set with modified ECU parameters to match exhaust temperatures of both
fuels. The observed catalyst ageing, based on TWC oxygen storage capacity and
specific surface area, was suggested to be not affected by the type of fuel used, only
the TWC temperature exposure was considered as the primary driver for catalyst
deactivation, which resulted in an OSC and surface area reduction.
Barreau et al. (2018) examined the effect of adding ethanol as a reducing agent to
the SCR of NOX with HC over an Ag/Al2 O3 catalyst. Co-feeding of ethanol and NH3
showed significant improvement in low temperature NOX reduction, mainly attributed
to an increase in available hydrogen species due to ethanol dehydrogenation. Other
short chain alcohols like 1-butanol or 1-propanol have also shown beneficial effects
as promoting molecules in HC-SCR by decreasing the necessary NOX conversion
temperature in an Ag/Al2 O3 catalyst.
Pure butanol injected into the exhaust stream, compared with ULSD or GTLbutanol blends, showed the best performance as a reducing agent for HC-SCR over an
Ag/Al2 O3 catalyst (Herreros et al., 2014a), increasing the maximum NOX conversion
to over 90 %, in comparison to a baseline of 50 % with diesel-like hydrocarbons.
Additional H2 injection resulted in a significant increase in low temperature conversion
capabilities, raising the NOX conversion at 230 °C from around 60 % without H2 , to
over 80 % with 2500 ppm H2 added and above 90 % for 5000 ppm and 8000 ppm
(HC:NOX = 3:1).
Sinha Majumdar et al. (2019) investigated the impact of varying oxygenated (e.g.
alcohols, ketones, esters) and non-oxygenated (e.g. alkanes, alkenes, aromatic hydrocarbons), at a fixed amount of carbon (3000 ppm C1 ), on the light-off performance
of an aged TWC in a synthetic exhaust flow reactor, compared to an E10 surrogate
as a baseline. Oxygenated molecules resulted in an increased reactivity of the TWC,
compared to the baseline, while non-oxygenated hydrocarbons showed significant
structure dependent impacts on the light-off temperature. In general, short-chain
acyclic oxygenates decreased the light-off temperature of the TWC, while aromatics
and cyclic oxygenated resulted in an increase of the light-off temperature.
Fayad et al. (2015) examined different oxygenated diesel blends and the influence
of a Pt/Pd-loaded DOC on particulate tailpipe emissions, concluding a reducing
effect of the DOC on tail-pipe particulate emission through trapping of small-sized
particles but without an effect on the actual primary particle size, which is specific
to the fuel used. The levels of aromatic and olefins in the fuel have been proposed to
have a more significant effect on particulate emissions than the oxygen content in
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the fuel blend (Yinhui et al., 2016). Bogarra et al. (2017) found supportive results
with a GDI engine during cold-start (gasoline only), where the TWC utilised showed
a distinct reduction of particulate levels downstream of the TWC, especially for
nucleation mode (NM) particles. Furthermore, Whelan et al. (2013) reported a 90 %
and 41 % decrease in particle number density for the size ranges of 5 - 23 nm and 23
- 50 nm respectively, while the particle number density for accumulation mode (AM)
particles in the ranges of 50 - 100 nm, 100 - 300 nm and 300 - 1000 nm increased
by 64 %, 109 % and 40 % respectively post TWC in comparison to the engine-out
levels. The trapping and oxidation of small sized particles across the TWC, which
commenced at an exhaust temperature below 100 °C, were stated as reasons for the
reduction (Whelan et al., 2013). Noteworthy is that a potential accumulation of
particulates on the TWC surface during cold-start could also reduce CO oxidation
efficiency (Bogarra et al., 2017).

2.5

Summary

The following conclusions can be drawn from the available research concerning
hydrogen influence on light-off and conversion performance of different after-treatment
devices:
• Hydrogen addition to the exhaust upstream of a catalyst can increase catalytic
conversion efficiency and decrease the light-off temperature of different aftertreatment devices and thus reduce the levels of harmful tailpipe emissions of
an internal combustion engine. In addition to identifying a thermal benefit
of hydrogen oxidation inside the catalytic converter, various explanations for
the positive effect of adding low levels of H2 on the oxidation and reduction
conversion efficiency of after-treatment devices have been offered.
• The highest impact was achieved with the initial addition of low hydrogen
levels in oxygen-rich catalyst environments, relative to no H2 addition. The
light-off temperature of carbon monoxide and hydrocarbon oxidation, as well
as nitrogen monoxide oxidation to nitrogen dioxide, was significantly decreased
with H2 addition upstream of PGM-alumina catalysts.
• H2 addition not only widened the effective temperature range and increased
conversion rates of NOX -SCR as a direct reducing agent but also improved the
conversion performance of HC-SCR over a variety of PGM-Al2 O3 catalysts. H2
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has also been observed to substantially increase the efficiency of NH3 -SCR and
decrease the impact of GHSV changes over commonly used catalytic devices.
• The level of available oxygen in the exhaust stream and the residence time of
the species inside the converter have shown to be more important factors for
the conversion efficiency than, for example, the water content in the exhaust.
• Hydrogen addition significantly reduced the time for particulate filter regeneration by providing additional thermal energy to the process.
Regarding potential sources of oxygenated drop-in molecules for gasoline, the
following conclusions can be reached from the work reviewed:
• The production of oxygenated platform molecules is achievable via a large
variety of possible biomass conversion paths. However, only a few physical and
chemical methods are yet commercially feasible to produce oxygenated drop-in
molecules as a potential replacement of fossil gasoline in a sustainable and
energy efficient manner, while considering the differences in biomass feedstocks.
• Lignocellulosic feedstock is globally one of the most abundant forms of biomass
for biofuel production. A sophisticated biorefinery could increase the efficiency
of the energy intensive and source sensitive processes by executing a variety of
available chemical and physical methods for the utilisation of different biomass
sources.
• The utilisation of different catalysts could allow for the precise conversion of
platform molecules to potential drop-in molecules for gasoline.
The following conclusions can be made from previous studies investigating the
impact of oxygenated fuel blends on emission levels:
• The effect of oxygenated fuel blends on CO, THC and NOX engine-out pollutant
levels strongly depends on the test condition utilised. Alcohol blends suggested
a decrease in NOX emissions and the observations were less conclusive in regards
to CO and THC engine-out levels. Furan based single-molecule fuels showed
an increase in NOX and a decrease in THC emissions.
• A significant reduction in particulate engine-out emissions with the use of oxygenated fuel blends has been observed compared to gasoline, with a subordinate
role of the oxygenated drop-in molecule utilised.
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• Alcohol blends are suggested to have no role in the deactivation process of a
TWC, with the temperature occurring on the surface as the primary driver.
• Potential synergy effects with the addition of H2 combined with oxygenated
molecules to improve catalytic performance and decrease tailpipe emissions.

2.5.1

Gap Analysis

The literature reviewed covered a broad range of catalytic devices, predominantly
for oxygen-rich combustion and diesel engines, like DOC and SCR systems, without
much attention on TWC converters, the most common after-treatment device for
gasoline engines. Furthermore, in the majority of cases, the effect of hydrogen
addition on after-treatment systems has been investigated in a simplified synthetic
exhaust stream, which cannot fully represent the interaction of all constituents in
engine produced exhaust gas and the resulting competition of certain species for
active sites on the catalytic surface. In regards to TWC performance in stoichiometric
gasoline exhaust, H2 addition was mainly researched in combination with secondary
air-injection as a heat source via the oxidation of H2 . Previous studies focused on the
effect of oxygenated molecules blended in gasoline mainly investigated the impact
on combustion and emission formation phenomena, with little research examining
the effect on TWC performance. Synergy effects of H2 and butanol in HC-SCR
have been reported; however, no further literature regarding different oxygenated
molecules or catalysts has been found.
However, the review of the literature shows that hydrogen has a distinct impact
on the light-off and conversion performance of after-treatment devices. Furthermore,
the utilisation of oxygenated molecules as drop-in components for gasoline alters the
exhaust composition and hence, has a direct impact on the conversion efficiency of
the catalytic converter. Consequently, to reduce tailpipe emissions, there is a need
for more understanding of the influence of H2 addition to gasoline exhaust on the
conversion performance of a commercial TWC in a real-world emission environment.
Moreover, the effect of different potential oxygenated molecules blended in gasoline
on the conversion efficiency, and light-off performance of a TWC has barely been
investigated, as well as potential interactions with hydrogen introduced into the
exhaust. This could help define and guide potential oxygenated drop-in molecules
due to their impact on three-way catalysts.
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2.5.2

Research Questions

Based on the literature review and gaps identified, the experimental setup developed
and commissioned was utilised, through assessments of the light-off and maximum
conversion performance of state-of-the-art TWCs’, to gain a detailed understanding
of the effects of exhaust hydrogen addition with different levels of H2 (500 ppm 8000 ppm) added upstream of the TWC and the utilisation of oxygenated drop-in
fuel blends (15 fuel blends on a 20 % mass basis with reference gasoline) to address
the following research questions:
• How does the addition of hydrogen into a stoichiometric exhaust environment upstream of a three-way catalyst impact the conversion performance for
legislated emissions?
• What are the impacts of varying oxygenated fuel blends on the engine-out
emission levels?
• How are the changes in the exhaust composition with varying oxygenated fuel
blends affecting the conversion performance of a three-way catalyst?
• Are there potential synergy effects between oxygenated fuel blends and the
addition of hydrogen to the exhaust on the conversion performance of a threeway catalyst?
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Chapter 3
Experimental Setup
The present chapter describes the experimental facilities (Thermodynamics Laboratory within the Mechanical Engineering Department at University College London)
utilised throughout this work to perform the engine experiments. The setup procedure included the commissioning of a VW 1.4 litre DI-SI engine, the installation of
an air and fuel delivery system, as well as the manufacturing and implementation
of a variable exhaust sample extraction system for gaseous and solid pollutants.
During this project, an essential and significant proportion of the time was spent on
designing, installing and debugging the experimental setup, including the necessary
control software, as well as maintaining and upgrading the gaseous emission analysers,
described throughout this chapter. The test facility incorporated a two-layer safety
setup to avoid harm to any components in case of emergency and to avoid leakage of
hydrogen into the test environment. The cell power was linked to multiple emergency
stops which would allow for an immediate shutdown of all the power inside the
cell, which would also shut down the dyno, fuel and hydrogen delivery system. The
regular shut down procedure was performed with the main ECU switch, which closed
a safety valve to stop the hydrogen flow together with turning off the engine ignition/
injection.
A detailed calibration of all necessary equipment was maintained to ensure precise
measurements throughout the project. Especially in terms of H2 (H2 MFC and V&F
HSense) and emission measurements (Horiba MEXA and Cambustion DMS500), a
daily calibration routine was executed to be able to investigate the posed research
questions thoroughly. Figure 3.1 schematically summarises the setup in its entirety
and the individual parts are explained in more detail throughout this chapter.
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Figure 3.1: Schematic overview of the experimental setup

3.1

Engine

All experiments were conducted on a modified commercial Volkswagen, 4-cylinder, 1.4
litres, direct-injection, spark-ignition engine located in a specifically designed engine
test cell which was operated from a separate engine control room with an armoured
glass window and a video monitoring system for continuous visual observation. The
engine was connected to a DSG FA100 – 75 kW eddy current dynamometer with
an inline mounted AC-motor (2.2 kW). The electrical motor was used for starting
purposes only via a compressed air operated clutch, and the brake-type dynamometer
was used to absorb the power produced during engine operation to maintain constant
engine speed. The main engine specifications are summarised in Table 3.1.
The formerly twin-charged engine was operated in a naturally aspirated way, and
the intake air was drawn in from the surrounding test cell atmosphere, which was
equipped with a wall-mounted heater for temperature control inside the test cell,
as well as adjustable forced and natural ventilation. The intake air passed through
an air filter and was measured by a positive displacement volumetric air flow meter
(Romet G65) before entering a 60-litre plenum (damping chamber) (Figure 3.2). A
piezoresistive pressure transducer and a K-type thermocouple were placed at the
inlet of the air flow meter to be able to convert between volumetric- and mass based
air flow.
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Table 3.1: Research engine specifications
Engine type

VW 1.4L DI-SI

Cylinder bore

76.5 mm

Crankshaft stroke

75.6 mm

Swept volume per cylinder

347.5 cm

Compression ratio

10:1

Valves per cylinder

4

Oil type / pressure

15W40 / 3 bar

Spark plug

NGK ZFR 6T11G

Fuel injection pump

3-lobe, cam driven piston pump

Gasoline fuel injectors

Magneti Marelli, 6-hole solenoid injector

Engine control unit

LifeRacing F88GDi4 ECU

Crank shaft encoder

Leine & Linde RSI 503 - 720 ppr

3

The adjustment of a manual two-inch three-way ball valve allowed the quantified
airflow from the plenum to be diverted into the first, the back three or all four
cylinders, depending on the requirement of the experiment. The air flow for the back
three-cylinders was controlled by the original equipment manufacturer type throttle
valve (03C133062D), adjustable via an ECU connected potentiometer knob inside

air filter
plenum
romet G65

Figure 3.2: Intake air path with filter, air flow meter and plenum
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the control room, and the first cylinder air flow regulated by a mechanical throttle
operated via the DSG dynamometer control unit. The air- and exhaust flow, as well
as the fuel delivery system of the test engine were split for the back three and the first
cylinder to be able to perform single-cylinder or multiple cylinder tests. Throughout
this work, the engine was operated on the back three cylinders only, with the first
cylinder motoring at WOT. Figure 3.3a shows the manual three-way valve and the
flexible hoses for the individual air intake paths and Figure 3.3b the split exhaust
manifold combining the flow of the back-three cylinders for catalyst experiments and
maintaining an individual path for the front cylinder for single-cylinder experiments.
three-way valve

split exhaust flow

split air flow

(a)

(b)

Figure 3.3: Split (a) air- and (b) exhaust flow for the front and back-three cylinders
The air intake manifold was equipped with multiple thermocouples (intake
manifold, one upstream of each cylinder inlet), an absolute piezoresistive pressure
transducer and the original manifold absolute pressure sensor, as a mandatory ECU
control input. The engine was equipped with four commercially available spark-plugs
(NGK ZFR 6T11G), the production ignition coils (VW 036905715) and additionally,
the engine head was modified to fit a piezoelectric pressure transducer for each
cylinder next to the spark-plug mounting. The exhaust gases for the back-three
cylinders were combined in the modified exhaust manifold and transported by 51 mm
diameter steel piping to the catalyst measurement setup, which is described in more
detail in Section 3.3, and further through a silencer before being exhausted by the
test cell extraction system.
The coolant water was circulated through the non-pressurised system with an
external pump and held at a constant temperature of 80 ± 2.5 °C. The temperature
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was maintained by passing the coolant liquid through an immersion heater equipped
with an adjustable thermostat, as well as a heat exchanger with an externally cooled
laboratory water circuit, which incorporated a proportional integral derivative (PID)
pulse-width modulator (PWM) controlled proportional solenoid valve (Bürkert 2875)
for a continuous adjustment of the flow through the heat exchanger. The external
oil circuit was structured the same way with an external pump, an immersion heater
and a PID-PWM controlled heat exchanger to maintain the oil temperature at 80
± 2 °C. The lubrication oil was circulated through the engine during operation at
3 bar pressure with a chain-driven oil pump located in the oil sump.
Five sensors were placed throughout the setup to measure temperature and
pressure for the engine oil and the coolant. The temperature signals were utilised as
an input for the PID controller, as well as a safety measure for the control system in
the event of a temperature threshold breach, the detection of which was outputted
by the system in the form of a visible and an audible alarm. Furthermore, a limp
mode for the engine was triggered via the ECU to prevent any engine damage, if
critical conditions for the oil pressure were detected. Figure 3.4 shows the complete
coolant water and oil circuit of the test engine in a schematic, including the locations
of temperature and pressure measurements.
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Figure 3.4: Coolant water and oil circuit schematic
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3.2

Fuel Delivery Setup

The fuel delivery setup was equipped with two different fuel pathways to be able to
perform long-duration tests with a constant supply of reference gasoline, for example,
to commission the engine or de-green a catalyst, and for limited duration experiments
with potential future fuels or fuel blends. Figure 3.5 schematically summarises the
complete layout, including the location of pressure and temperature measurements.
Ventilated gas cupboard

Fuel
tank

N2
Compressed gas cylinder

Filter

Filter

Fuel
storage

HP fuel
pump

Coriolis
flowmeter

AVL fuel
scale

165 bar

LP fuel
pump

Common rail

Filter incl.
pressure
regulator

Pressure
relief valve

Figure 3.5: Schematic of the fuel supply
The long duration capability was achieved with an AVL 733S fuel scale incorporated in the test cell (Figure 3.6a), which was able to automatically refuel its
measurement tank through a connection to a 200 L reference gasoline (RGL) drum in
the main fuel storage facilities of the building, located two levels above the laboratory
on the ground floor. The low pressure side of the system was pressurised by a
commercial fuel pump (Bosch FP 165) and maintained at 4 bar by the OEM fuel
filter/ regulator unit following the low pressure fuel pump, with the return of the
fuel regulator fed back into the fuel scale unit. The fixed-duration experiments were
performed via a compressed, 4.3 L fuel tank (rated to max. 12 bar), which was
pressurised to 4 bar via an external nitrogen gas cylinder, followed by a sintered,
stainless steel 50 µm filter element (Figure 3.6b).
An arrangement of a manual valve, a T-junction and a quick connect upstream
of the Coriolis flow meter inlet allowed the flow of both fuel delivery paths to be
measured depending on the experimental setup. The measured fuel flow was supplied
102

3.3 Catalyst Setup

fuel tank

AVL 733S

fuel filter

fuel flow meter

connection to
fuel store
(a)

(b)

Figure 3.6: Fuel supply for the test engine via (a) AVL 733S fuel scale and (b) N2
pressurised fuel tank
to the high pressure inlet of the production-type fuel injection system of the engine.
The demand-driven OEM high pressure fuel pump (03C127026E) was a three-lobed,
camshaft operated piston pump with an adjustable pressure range of 50 - 150 bar
feeding the common rail, which was equipped with a 165 bar pressure relief valve
for emergencies feeding back into the low pressure part of the system. The fuel was
injected via production type six-hole, high-pressure, solenoid valve injectors (Magneti
Marelli - 03C906036F). The control of the high pressure part of the system, including
rail pressure, injection timing and duration, was managed by the ECU (LifeRacing
F88GDi4 ECU) with full user access via the PC interface.

3.3

Catalyst Setup

The catalyst measurement part of the experimental setup was situated roughly
750 mm downstream of the exhaust valves and was designed with flexible steel piping
to accommodate different sized catalytic converters, easily and quickly interchangeable
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with the V profile clamps utilised. The temperature in the setup was measured
before, at three positions inside and after the catalytic device, and the pressure was
acquired up- and downstream of the converter, which allowed for pressure difference
measurements across the converter to potentially determine the particulate filter
loading.
Furthermore, next to the pressure measurement location, adjustable pressure
relief valves (Norgren 1002/BG008) were installed as a safety measure up- and
downstream of the catalytic device to release pressure in case of a build-up inside
the converter housing. Additionally, exhaust sampling ports and lambda sensors
were placed before and after the catalytic converter and all ports used for extraction
or measurement purposes were located within a distance of 150 mm to 200 mm
up- and downstream of the catalytic converter. Figure 3.7 summarises the main
setup components schematically and all the sensors used, and Figure 3.8 shows the
actual setup, including thermocouples, pressure measurement, lambda sensors and
extraction piping.
Exhaust
manifold

λ ECU
Temp. ECU

Sampling ports pre TWC

TWC

Pre pressure

Post pressure

λ pre TWC 2
Pre temp.
Temp. 25 %
Temp. 50 %
Temp. 75 %
Post temp.
λ post TWC

S

S

S

Gaseous emissions (Horiba)
Particulate analysis (DMS 500)
Hydrogen analysis (HSense)

Sampling ports post TWC

Silencer

Laboratory
extraction

Figure 3.7: Schematic of the exhaust flow and catalyst measurement setup
The extracted emissions up- and downstream of the catalytic converter were
transferred through individually heated lines to the emission analysers. A system of
high-temperature resistant solenoid valves (Bürkert 6013 & 6027) located upstream
of the heated lines, operated via the control computer, allowed the user if necessary to
switch the sample position of each emission analyser during an experiment between
pre and post the catalytic converter without any hardware changes. The heated lines
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used throughout the setup were individually PID controlled and maintained at a
constant temperature of 190 °C to avoid any form of condensation inside the lines.
Furthermore, the inlet temperature of each of the high-temperature solenoid
valves was monitored for component safety and to verify exhaust gas temperatures.
The variable sampling setup with high-temperature valves and temperature control
is shown in Appendix C (Figure C.1). The wiring and placement of the valves were
arranged in a fail-safe manner, where all relevant parts could be switched off by one
main breaker from the control room, and the solenoid valves fall back, depending on
their positioning in the exhaust extraction system, to a default open/ close position
in case of emergency or power loss. The required controller for the valves and heated
lines were manufactured and wired as part of this project and examples are shown
in Appendix C (Figure C.2 and C.3).

thermocouples

Figure 3.8: Setup for the catalytic converter, emission extraction and additional
equipment

3.3.1

Thermocouple Layout

Figure 3.9 specifies the location of thermocouples in and around the catalytic converter
as positioned in all experiments throughout this work.
The thermocouples inside the converter were placed at 25 %, 50 % and 75 % of the
total brick length, positioned perpendicular to the converter surface facing the exhaust
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Figure 3.9: Schematic of thermocouple layout
stream, with a penetration of 25 %, 37.5 % and 50 % of the brick diameter and an
angular offset of 20 degrees with each thermocouple, though a mostly even radial heat
distribution throughout the converter was expected. Additionally, a thermocouple
was placed roughly 10 mm before (Tpre ) and behind (Tpost ) the catalytic converter
to be able to record the temperature changes across the converter.

3.3.2

Lambda Layout

The exhaust setup provided four threaded ports (Ø 18.5 x 1.5 mm) for lambda
sensors which were located as specified in Figure 3.7. The ECU was provided with a
wideband NTK lambda sensor, with a preconfigured linearisation curve uploaded in
the ECU, which was located at the exit of the engine exhaust manifold and used as
the input for the ECU to maintain the closed-loop lambda set-point. Additionally,
two identical wideband lambda sensors (Bosch LSU ADV) were installed up- and
downstream of the catalyst, similar to state-of-the-art setups used in commercial
vehicles, to be able to derive information about the performance and ageing level
of the catalyst. Furthermore, the pre catalyst lambda sensor signal was used as an
additional verification of the actual lambda entering the catalyst and to ensure that
no surrounding air was leaking into the exhaust system between the engine-out and
the catalyst-in position by comparing both lambda readings. It should be noted that
the pre catalyst lambda port was moved slightly to a point upstream of the hydrogen
inlet (λ pre TWC 1 in Figure 3.7) after the preliminary set of experiments to avoid
a shift in the lambda reading, which was apparent with H2 as an extra combustible
species introduced into the exhaust stream. The difference in the diffusivity between
H2 and other combustible species into the detection cavity of the lambda sensor
was suggested as a reason for the shift in sensor readings(Brinkmeier, 2006; Peyton
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Jones and Jackson, 2003). A more detailed description of the structure and mode of
operation of a wideband lambda sensor is given in Section 3.4.3. The post catalyst
lambda sensor was integrated to be able to determinate the OSC of a TWC and
ensure TWC conversion performance. The determination of the oxygen storage
capacity based on the lambda signals and the post TWC lambda signal correction is
explained in Chapter 4.

3.3.3

Hydrogen Addition System

Throughout this work hydrogen was supplied from a compressed hydrogen gas
cylinder, without further investigation into specific H2 storage or on-board production
equipment mentioned in Chapter 2, and Figure 3.10 schematically summarises the
H2 delivery setup to the exhaust stream and the components utilised.
Manual
valve

Ventilated gas cupboard

Solenoid
valve
S

MFC
Flashback
arrestor

Flashback
arrestor

Exhaust
flow

H2

TWC

Compressed gas cylinder

Figure 3.10: Schematic of H2 delivery system upstream of the TWC
The H2 flow was pressurised to 4 bar and for safety reasons passed a flashback
arrestor, as well as a manual valve before reaching the thermal mass flow controller
(MFC). The MFC unit had a normally-closed default position; however, an additional
flashback arrestor and normally-closed solenoid valve, wired in a fail-safe manner via
a relay to shut off the gas flow in case of failure or regular engine stop, were placed
downstream of the MFC to prevent any type of critical environment developing
between the H2 supply and the hot exhaust environment (Figure C.4 attached in
Appendix C). The H2 was introduced into the exhaust flow roughly 100 mm upstream
of the catalyst through multiple 1 mm holes in a stainless-steel pipe placed in the
centre of the exhaust stream as shown in Figure 3.11.
Based on the MFC measurement, it was possible to detect any restrictions inside
the H2 pipe introducing the H2 due to variations in MFC measurements. It was
assumed that with the H2 introduction pressure being above the exhaust pressure, a
backflow into the H2 pipe was not possible. Additionally, by closing the front outlet
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H2 introduction
perpendicular to
exhaust flow

1 mm holes for
H2 introduction

closed outlet

(a)

(b)

Figure 3.11: Hydrogen supply - (a) modified pipe introducing H2 and (b) positioning
upstream of the TWC
of the pipe (Figure 3.11b) and introducing H2 perpendicular to the exhaust flow into
the stream (Figure 3.11a), an homogeneous mixing of H2 with the exhaust gas, prior
to entering the TWC, was expected.

3.4

Measuring Instrumentation

The primary measurements used in this work to analysis TWC performance were
the composition of exhaust gases up- and downstream of the catalytic converter,
combined with temperature data along the exhaust path. For combustion and
emission characteristics of different fuel blends, the in-cylinder pressure and the
composition of engine-out exhaust were utilised. The instrumentation and the
analysers used are detailed in the following sections.

3.4.1

Pressure

The pressure at the inlet of the air flow meter, as well as the exhaust pressure upand downstream of the catalytic converter, was measured with 0 – 6 bar (gauge)
piezoresistive ceramic pressure sensors (RS PRO 797-5046), supplied with a factory
calibrated 0 - 5 V analogue output signal. The manifold pressure was taken with
a 0 – 1 bar (absolute) piezoresistive pressure transmitter (Druck PTX 7517-3257),
which was placed roughly 100 mm upstream of the inlet valves in the centre of the
inlet manifold.
The in-cylinder gas pressure was measured with a water-cooled, piezoelectric
pressure transducer (Kistler 6061BS31), directly mounted in the engine head tapping
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th

for the 4 cylinder, and further processed by a Kistler charge amplifier (type 5018).
The calibration was carried out by the manufacturer, and the calibration certificate
is attached in Appendix G (Figure G.4). The in-cylinder pressure transducer signal
was not an absolute value, and it was necessary, therefore, to peg the in-cylinder
pressure for each four-stroke combustion cycle to an absolute pressure reading, in
this case, the manifold pressure. It was assumed that at the end of the intake stroke
(BDC = bottom dead centre) before the inlet valves closed, the pressure difference
between air manifold and the cylinder would become insignificant and this absolute
manifold pressure was used as the reference point for the in-cylinder pressure reading.

3.4.2

Temperature

All temperatures were measured with mineral insulated, K-type thermocouples of
1 mm diameter (except the temperature upstream of the air flow meter = Ø 2 mm)
and shielded thermocouple wire. Additionally, each signal was amplified with an
analogue K-type thermocouple amplifier (Analog Devices AD8495), equipped with
an internal cold junction compensation and a 5 mV/°C output signal for reduced
signal interference before being transferred to the data acquisition (DAQ) computer.
Figure 3.12 shows the temperature profiles for different levels of H2 introduced into
the exhaust flow plotted against the temperature entering the catalyst (Figure 3.12a)
and the mean trend of the three temperature profiles (Figure 3.12b).
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Figure 3.12: Exemplified comparison between (a) the individual and (b) the mean
TWC temperatures
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The temperature profile across the catalytic converter with the measurements
at 25 %, 50 % and 75 % of the brick length (as described in Figure 3.9) was, where
necessary combined to a mean catalyst temperature, which represents the mean
temperature distribution across the catalyst, analogue to the conversion rate being
an average across the whole converter, without specifying the exact position of
conversion and heat release.

3.4.3

Lambda

State-of-art lambda sensors are predominantly highly temperature resistant solid
electrolytes made of yttrium doped zirconium dioxide, placed between a constant
oxygen partial pressure reference chamber and the exhaust gas. Additionally, both
sides of the ceramic are coated with a platinum-cermet layer which allows for the
necessary electrode reaction to take place (Hagelüken, 2016). Two main types of
lambda sensor are used in automotive applications. Firstly, the switch-type lambda
sensor, sometimes also referred to as heated exhaust gas oxygen sensor, has an
output characteristic close to a step function around the stoichiometric AFR. The
changes in oxygen partial pressure when the exhaust composition crosses over the
stoichiometric composition creates a distinct step in sensor output voltage which
can be calculated based on the Nernst equation, describing the reduction potential
of an electrochemical reaction (Brinkmeier, 2006; Hagelüken, 2016). However, the
step characteristic only distinguishes between a rich and lean exhaust mixture and
continuous control has to be derived from the available information. This sensor
type was not used in this work, and a more detailed explanation can be found in
the literature (Hagelüken, 2016). Secondly, the wideband oxygen sensor or universal
exhaust gas oxygen sensor allows for continuous measurement of lambda over a range
from 0.7 < λ < 4 (Hagelüken, 2016). Figure 3.13 shows a schematic of a wideband
lambda sensor for a better understanding of its mode of operation.
Exhaust gas diffuses through a diffusion channel into the monitoring chamber of
the lambda sensor. An external control circuit maintains a stoichiometric composition
in the measurement cavity with the help of the oxygen pump cell, which removes
oxygen in a lean exhaust environment and provides oxygen in a rich regime by
dissociating CO2 and H2 O (Hagelüken, 2016). A stoichiometric exhaust composition
corresponds to a potentiometric voltage of 450 mV, which is held constant, between
the reference and monitoring cavity and results in a pumping current proportional to
the oxygen demand of the pump cell to reach a stoichiometric lambda. Furthermore,
lambda sensors have to be heated and maintained at constant temperature (Bosch
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Figure 3.13: Schematic of a wideband lambda sensor (adapted from Ecotrons LLC
(2014)
LSU ADV = 780 °C) due to the temperature dependency in the Nernst equation
and to avoid condensation inside the measurement chamber, which could be harmful
to the sensor. Wideband lambda sensors are available without a reference air cell
where the pump current is compared against a calibrated reference pump current
equivalent to stoichiometric conditions, which allows for smaller packaging and
reduced susceptibility to errors.
The necessary probe heating and signal processing for the Bosch LSU ADV was
performed by two wideband ALM-LED controllers supplied by Ecotrons LLC, which
incorporated the recommended Bosch CJ125 control and amplifier circuit. The
ALM-LED included signal processing, AFR ratio adjustment and an analogue 0 5 V signal output which was used as an input for the DAQ computer. The Bosch
LSU ADV used a calibrated reference pump current instead of a reference chamber
for its measurement, and according to the Ecotrons manual, no free air calibration
was needed. However, to ensure the performance of the lambda sensors an ECM
1200 lambda meter with an NTK wideband sensor was used to confirm operation
of all lambda sensor by following a free-air calibration procedure recommended
by ECM for the lambda meter (ECM, 2005). Based on the measured barometric
pressure (pb ), relative humidity (hr ) and temperature (with an analogue baro-,
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thermos-, hygrometer) to determine the saturated water vapour pressure (psw ) in
the laboratory from a given table, the O2 concentration was calculated based on the
following equation:
%O2

20.95% pb  psw hr ©100 ©pb

(3.1)

The lambda meter allowed for adjustments according to a discrepancy between
measured free air and calculated O2 level. The readjusted lambda signal was used to
ensure the correct performance of the other lambda sensors in the system.

3.4.4

Gas Flow

The air flow was quantified by a volumetric air flow meter as depicted in Figure 3.2
and was used in combination with the calculated stoichiometric AFR, as well as
the measured exhaust temperature to calculate the exhaust density and flow. The
exhaust flow in combination with a desired ppm level of hydrogen served as the input
for the control unit of the Bronkhorst thermal MFC (EL-FLOW F-201CV-10K) for
an automated hydrogen flow adjustment. The MFC had a calibrated maximum
flow range of up to 13 L/min at 3.0 – 8.0 bar gauge inlet pressure and an accuracy
of ± 0.1 of the full-scale reading (calibration certificate attached in Appendix G,
Figure G.2).
The thermal MFC uses the heat conductivity of the fluid to determine the mass
flow and a solenoid-controlled valve plunger to adjust the flow depending on the
desired set point. The MFC unit incorporates a laminar flow element in its primary
flow path which forces part of the flow through a heated by-pass capillary, containing
the thermal mass flow sensor, and creates comparable mass flow rates in both parts
of the MFC unit. The sensor utilises the measured temperature difference between
two heating elements in the by-pass, which is directly proportional to the mass flow
through the capillary to determine the total mass flow through the MFC unit. The
control circuit uses the sensor signal to contentiously adjust a plunger above a known
outlet orifice to reach and maintain a desired constant flow rate.

3.4.5

Fuel Flow

The fuel flow rate was measured with a Bronkhorst Coriolis flow meter (mini Cori-Flow
M14-AGD-22) calibrated in the range of 12.5 g/min to 500 g/min before entering the
demand-driven high pressure part of the fuel system (calibration certificate attached
in Appendix G, Figure G.3). The Coriolis fuel flow meter uses a stainless-steel sensor
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tube which is vibrating at a known frequency by energising two electromagnets in
an alternating manner. The momentum of the flow of any liquid or gas through the
sensor tube twists and changes the vibration of the tube, resulting in a phase shift
proportional to the mass flow. Additionally, the changes in frequency between inlet
and outlet of the sensor tube is directly proportional to the density of the medium.
An optical sensor measures the deviation and outputs the measured values via a
digital controller to a DAQ computer. The location of the fuel flow meter is described
in Figure 3.5.

3.4.6

Measurement assurances

The pressure transducers specified in Section 3.4.1 were acquired as part of this
project and factory calibrated by the individual supplier, apart from the absolute
pressure sensor inside the air manifold which was reused from a previous project.
The absolute manifold pressure reading from this sensor was compared against the
originally equipped MAP sensor reading, which was necessary for ECU operation, to
ensure that the sensor remained in calibration and provided accurate readings.
All temperature measurements throughout the setup (Section 3.4.2) were amplified
inside the test cell to ensure the shortest possible length of thermocouple wire to
reduce sources of signal interferences, and only amplified signals were transferred
into the control room. The correct temperature readings on the DAQ computer were
ensured by submitting the thermocouples to a known and controlled temperature
environment and comparing the temperature readings while changing the set point
of the control lead temperature.
The lambda sensors in Section 3.4.3 were acquired pre calibrated for this setup;
however, to ensure correct readings of all lambda sensors in the setup, the NTK
wideband sensor, together with the ECM 1200 lambda meter and its free-air calibration procedure, was utilised continuously to ensure a correct lambda measurement
and quantify any drift in the performance of the other lambda sensors utilised.
The volumetric air flow meter was factory calibrated to a volumetric flow of
3
0.1 m per rotation (Section 3.4.4). A reed switch was actuated by the permanent
magnet, which was situated on the main shaft of the flow meter, ensuring a closed
switch position with every rotation of the main shaft. With the help of an electrical
circuit, the closed switch position for each completed revolution was converted into
an electrical pulse, which was transferred to the DAQ computer for further utilisation
of the air flow measurements.
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The H2 MFC and fuel flow meter (Section 3.4.4 and Section 3.4.5) were calibrated
by the manufacturer in predefined ranges specifically for this project and calibration
certificates are attached in Appendix G. With the help of the utilised H2 mass
spectrometer (see Section 3.5.5), an additional characterisation of the H2 MFC was
performed to ensure precise H2 addition levels, which is attached in Appendix D
(Table D.1 and Figure D.1). The correct measurement of the fuel flow meter was
verified by operating the engine with a known amount of fuel and recording the time
of operation. Subsequently, the remaining amount of fuel in the system was drained,
weighed and used to calculate the mass based fuel flow rate as a validation for the
fuel flow measurement.
Throughout the entire setup, shielded BNC cables were used to transfer signals
from the test cell into the control room to reduce potential signal interference.
Additionally, where applicable signals were amplified as close as possible to the
measurement point to minimise errors introduced through transferring small voltage
signals.

3.5

Exhaust Gas Composition

The gaseous exhaust emissions were analysed with two exhaust analyser racks –
Horiba MEXA-9100EGR and Horiba MEXA-9400 – housing multiple drawers to
individually determine the concentration of the following species: CO, CO2 , THC,
O2 , NO and NOX . Figure 3.14 shows schematically the main components and the
individual analyser drawers of both exhaust gas analyser racks. The H2 level in the
exhaust gas was measured with a sector field electron impact mass spectrometer
(V&F HSense), and differential mobility particle spectrometer (Cambustion DMS500)
was used to determine the number and size distribution of particles in the exhaust
gas. A picture of the analysers utilised in this work is attached in Appendix C
(Figure C.5). The emission samples were taken as specified in Section 3.3 up- and
downstream of the catalytic converter and guided through separate PID controlled
heated lines (constant 190 °C) to the individual analysers. The gas sample was
subjected to filtering and condensation of water vapour at the inlet of the analyser
racks before being transferred to the individual analyser units.
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Figure 3.14: Structure of exhaust gas analyser racks (a) Horiba MEXA-9100EGR
and (b) Horiba MEXA-9400 (Horiba Ltd., 1984)

3.5.1

CO and CO2

The individual CO and CO2 concentrations in the gas sample were measured in
one analyser (Horiba AIA-120) with the non-dispersive infrared (NDIR) absorption
method, which used the wavelength-specific absorption of infrared energy by CO or
CO2 in the gas sample. The degree of infrared energy absorption by each molecule
is proportional to the concentration of the molecule present at constant pressure
and temperature of the mixture. Figure 3.15 shows schematically the two detector
systems utilised in the NDIR analyser, which are the (Figure 3.15a) stacked and
(Figure 3.15b) dual detector system.
Each detector consists of two parallel cells with the sample gas flowing through
one cell (sample cell) and an infrared-inactive gas contained in the parallel cell
(reference cell). The light source generates an infrared beam which is modulated
by a light chopper at a known frequency before simultaneously passing both cells
and reaching the detector cell. Depending on the concentration of CO or CO2
present in the exhaust sample, the beam gets partially absorbed in the sample cell
in comparison to the reference cell, which results in beams of different intensity
entering the detection cell. The remaining intensity of the infrared beams deflects a
metallic diaphragm in the detection cell, which is measured by a capacitive sensor
and converted into an electrical output signal. The desired species is sealed in the
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(b)

(a)

Figure 3.15: Schematic of the NDIR CO/CO2 gas analyser showing the (a) stacked
and (b) dual detector system (Horiba Ltd., 1984)
detector cell, which is why it is solely responsive to the infrared energy of that species.
Therefore, CO and CO2 concentration could be measured simultaneously because
their absorption wavelengths do not overlap, and the present concentrations were in
suitable ranges. This is achieved by equipping the first detector (Detector A) with
an infrared transparent window to allow the beams to pass through into the second
detector (Detector B) (Figure 3.15a). The signals created are treated individually
and outputted via separated amplifier networks.
For low CO concentration measurements downstream of the catalytic converter
(CO < 1000 ppm), a dual detector configured NDIR analyser in the Horiba MEXA9400 rack was utilised (Figure 3.15b). As for the stacked detector system, the high
selectivity is created by placing two detector cells in series to allow the beam to
exit the first detector through a transparent window and enter the second detector
cell. In this detector system, the first detector cell predominantly responds to the
concentration of interest in the gas sample, with only a small sensitivity towards
interfering species, and the second detector behaves in a reverse manner. The
amplifier circuit uses the output signals of both detector cells to produce a signal,
which is compensated for any interferent in the gas sample, resulting in a high
selectivity for the desired species.
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3.5.2

THC

A hydrogen flame ionisation detector (FID) located in the main analyser rack (Horiba
FMA-120) was utilised to determine the concentration of hydrocarbon species in
the exhaust gas. The exhaust sample passes through a constant, high-temperature
hydrogen flame inside the FID, which results in a breakdown of the hydrocarbon
bonds into positively charged ions and electrons (Figure 3.16). The positioning of
two electrodes at either side of the flame attracts the positively charged ions to the
electrode of opposite polarity, which induces a current in the circuit connecting both
electrodes. The measured current is proportional to the number of ionised carbon
atoms which were previously present as hydrocarbon species in the exhaust stream.

Figure 3.16: Schematic of the flame ionisation detector (Horiba Ltd., 1984)

3.5.3

O2

The levels of O2 present in the exhaust sample were measured with a magnetopneumatic analyser (Horiba FMA-120), schematically shown Figure 3.17, which was
located together with the FID analyser in a drawer of the exhaust gas analyser rack.
The measurement method is based on the much higher paramagnetic susceptibility
of oxygen molecules in comparison to the other species present in the exhaust gas.
The analyser consists of two electromagnetic poles which are alternately magnetised
by electrical excitation of two coils. The oxygen molecules in the passing gas sample
are drawn to the currently magnetised pole, which temporarily restricts the nitrogen
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flow through the orifice located within this pole, while the N2 flow through the orifice
of the non-magnetised pole is unaffected. The alternating restriction of the N2 flow
creates an oscillating pressure which is picked up by the detector and converted into
electrical output, proportional to the concentration of O2 in the gas sample.

Figure 3.17: Schematic of the magneto-pneumatic O2 analyser (Horiba Ltd., 1984)

3.5.4

NOX

A chemiluminescence analyser (Horiba CLA-150) was utilised to determine the
concentration of NO and NOX in the exhaust sample. The analyser mixes the gas
sample with ozone (O3 ), which reacts with the NO present in the sample under
reduced pressure conditions in an evacuated reaction chamber to form NO2 . Roughly
10 % of the produced NO2 is electrically excited and immediately returns to its
unexcited state, which is accompanied by the emission of photons (Equations 3.2
and 3.3).
N O  O3


N O2  O2
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N O2

N O2  hf

(3.3)

(where * designates an excited state, h = Planck’s constant, f = frequency [Hz])

The detection of the resulting photons with a photomultiplier is used to quantify
the concentration of NO in the gas sample and produce an output signal proportional
to the NO level. The reduced pressure conditions in the evacuated chamber, maintained by a vacuum pump included in the analyser rack, decreased the possibility of
excited NO2 colliding with other molecules which reduced the interference caused
by other species present in the gas sample. The analyser could be operated in two
detection modes (NO- or NOX -mode) by either routing the sample directly into
the reaction chamber (NO-mode) or passing it through a heated NO2 -NO converter
(NOX -mode), which dissociates the available NO2 with the help of a catalyst to NO;
the reaction may be described as follows:
N O2  catalyst

N O  CO

(3.4)

Based on both modes, a determination of NO and the total concentration of NOX
was possible with the analyser, as well as the determination of NO2 in the sample as
the difference between both modes may be achievable with two tests of the same
sample.

3.5.5

H2

A sector field electron impact mass spectrometer (V&F HSense), specifically tuned
toward H2 and He measurements, was utilised to determine the levels of hydrogen
up- or downstream of the catalytic converter. Purified H2 gas was utilised to span
the analyser (accuracy ± 2 %) in a range of < 1 ppm to 10,000 ppm. A gaseous
sample was transferred via a heated exhaust line towards the inlet of the mass
spectrometer, where the water vapour was removed from the gas sample with the
means of a water trap. An inlet filter (< 2 µm) removed any solid particles above
the filtration range from the gaseous sample before entering the measuring unit. The
H2 in the gas sample was energised with the ion source incorporated, focussed and
separated by a magnetic-based mass filter, before being measured on the detector of
the spectrometer. Figure 3.18 shows the principal mode of operation of the electron
impact mass spectrometer.
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1. Ion source
2. Sector mass filter
3. Particle detector

Figure 3.18: Operation principle schematic for an electron impact mass spectrometer
(V&F GMBH, 2003)

3.5.6

Particulates

The particulate number, size and mass in the range of 5 nm to 1000 nm was
determined with the help of a differential mobility particle spectrometer (Cambustion
DMS500), which classified and counted the particles based on their specific ratio of
electric charge to aerodynamic drag. Figure 3.19 shows a schematic of the exhaust
sample flowing through the spectrometer, which was extracted from the sampling
point (up-/downstream of the catalyst) and transferred to the inlet of the heated
remote cyclone (kept at 80 °C) via a PID controlled heated pipe.
Upon entering into the cyclone of the spectrometer, the exhaust sample was
diluted at a 5:1 ratio (air to sample) with dry compressed air, which served two
primary purposes: a reduction of the water dew point of the gas sample below
the ambient operating condition of the instrument and a reduction in the particle
concentration to decrease particle accumulation in the instrument and extend service
intervals. Furthermore, the remote cyclone was equipped with a cyclone separator
for the removal of particulates present into exhaust stream larger than 1 µm, as well
as a flow restriction orifice causing a decrease in absolute pressure to 0.25 bar, which
was maintained throughout the system by an external vacuum pump. The sample
was transferred from the remote cyclone via a heated line (5 m length at constant
80 °C) to a secondary disk diluter where it could be diluted with a variable dilution
ratio of 20:1 to 500:1 or directly into the main measurement unit. The dilution air
and gas sample was metered precisely to be able to calculate the overall dilution
of the sample accurately. The final gas sample passed through a unipolar corona
charger, where a positive charge was added to each particle in the sample flow, before
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efficiency particulate air filter = HEPA) and 22 grounded electrode rings on the
exterior. The charged particles in the sample flow travelled along the particle sizer
with the sheath air flow in a predictable manner and are deflected by the positive high
voltage electrode towards the grounded electrode rings. The magnitude of deflection
and consequently the ring where a particle discharged depended on its electrical
mobility, a function of charge and size of the particle. The aerodynamic drag can
be linked to the diameter, which hence, affected the velocity of the particle inside
the classifier column (assuming a spherical shape of the particles). Consequently,
based on the trajectory and the discharge currents of different sized particles, the
number and size distribution in the sample flow was determined by the user interface.
Furthermore, the total mass of the measured particulates can be approximated
through assumptions regarding the density and shape of the particles.

3.5.7

Exhaust Analyser Comparison

The Horiba MEXA-9100EGR (Horiba 1) did not incorporate an NDIR analyser for CO
measurement in ppm ranges, and therefore, was predominantly used at the engine-out/
upstream of the TWC position of the exhaust extraction setup. Consequently, the
Horiba MEXA-9400 (Horiba 2) was utilised to measure exhaust species downstream
of the catalytic converter. In order to the assure an equivalent performance of
the analyser drawers and to correctly measure the emission concentrations up- and
downstream of the catalyst for conversion rate calculations, it had to be determined if
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a discrepancy between both analyser readings existed. With the help of the variable
exhaust extraction setup (Section 3.3), it was possible to switch the measurement
position of each analyser individually between pre and post TWC while operating the
engine. Only for the THC readings a significant deviation of both FID analysers was
observed and corrected with the help of a post processing code mentioned in more
detail in Section 3.8.1. Figure 3.21 exemplifies the results of two emission analyser
tests at different conditions and a processed light-off experiment with the initial and
corrected THC readings.
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Figure 3.21: Exhaust analyser alignment tests between Horiba 1 and Horiba 2; (a)
concentrations with both analysers pre TWC, (b) concentrations post
TWC (λ = 1.05) with H2 switched on/off and (c) implemented THC
correction via post processing tool a during light-off experiment
Figure 3.21a shows the results for THC and NOX concentrations with both analysers measuring upstream of the TWC and the engine operated at the WLTC condition
(engine conditions explained in Section 4.5). Figure 3.21b shows a test performed at
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the Low-Speed engine condition (λ = 1.05) with both analysers extracting a sample
downstream of the TWC and H2 addition into the exhaust being switched on and
off at roughly 180 s and 240 s respectively. The NOX readings for both analysers, in
comparison to THC, resulted in averaged values within one standard deviation of the
other analyser, even for transient measurements. The THC values showed an almost
constant shift of Horiba 1 readings compared to Horiba 2, which was also the case
for transient exhaust conditions (Figure 3.21b). The initial and corrected readings
utilised for the conversion rate calculation is shown in Figure 3.21c for a light-off test.
The post processing software was developed to compare the THC readings after the
engine stabilised and during the first 100 s of each light-off experiment to adjust the
Horiba 1 values according to the averaged difference of both analysers.

3.5.8

Measurement assurances

Each analyser drawer in both exhaust gas analyser racks was warmed-up and calibrated with specially mixed span gas (certified uncertainty <= 5 %) every morning
prior to any experimental session as detailed in the Horiba manual (Horiba Ltd., 1984).
The individual measurement ranges for each analyser drawer and the used span gases
are shown in Table A.2, attached in Appendix A. The H2 mass spectrometer (V&F
HSense) was warmed-up and calibrated daily according to manufacturer procedures
with purified H2 span gas (accuracy ± 2 %) in a range of < 1 ppm to 10,000 ppm.
The particulate mass spectrometer (DMS500) was serviced by the manufacturer prior
to the commencement of the experimental series (updated calibration certificate
attached in Appendix G), and accurate measurements were ensured by following the
operation procedures explained in the manual.

3.6

Engine Control Unit

The engine control unit utilised was a LifeRacing F88GDi4 (Figure 3.22), specifically
designed to drive gasoline direct injection solenoid parts without the need of external
driver units. The twin processor unit was fully equipped with four dedicated ignition
coil and injector driver outputs, user-configurable PWM outputs, as well as several
purpose-configurable sensor inputs. Furthermore, a 100 MHz Ethernet interface for
online calibration, configuration and data download via the control computer was
implemented, as well as CAN interface for communication with other logging systems.
The ECU communicated with all the necessary, factory equipped engine sensors via
a specially fitted, remanufactured engine harness using the original connectors (e.g.
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ignition coils, injectors). The ECU calibration was map based and fully accessible
for all parameters including injection timing, spark timing or injection duration.

ECU

Engine harness
connector
Figure 3.22: LifeRacing F88GDi4 ECU
A variety of software was provided to allow communication, monitoring, online
calibration and data post processing; however, the LifeCal calibration software
was predominantly used for engine operation purposes. The ECU needed engine
fundamentals like firing order, number and gap width of the crank teeth or camshaft
st
type, to synchronise the TDC of the 1 cylinder, which was accomplished by a
combination of the hall effect crank- and camshaft signals. A specifically provided
software feature (“Sync Log”) was used to establish the correct settings and a
screenshot is attached in Appendix A (Figure A.1), which shows the crank and
cam signal utilised for ECU synchronisation, providing the correct reference for the
injection and the spark production.
Correct timing was essential for the ECU to be able to control the injection- and
spark-timing precisely. Additionally, the ECU regulated the pressure in the rail with
a PWM modulated pressure regulating valve and the demand-driven high pressure
fuel pump, capable of maintaining fuel pressure and supply throughout varying speed
and load conditions. Figure 3.23 shows a screenshot of the main LifeCal software
interface, together with user-defined gauges and a preview of the currently selected
engine calibration parameter, which was adjustable during engine operation.
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Map based ECU
calibration

User defined
live gauges
variable
explanations
Figure 3.23: Screenshot of the main user interface of the LifeCal software

3.6.1

Closed-Loop Lambda Circuit

The ECU incorporated the functionality of a closed-loop lambda control (besides
the open-loop lambda functionality) to automatically adjust the calibrated injection
duration to meet a lambda set-point. Figure 3.24 schematically shows the structure
of a CL control system in a vehicle setup.
The λ sensor upstream of the catalyst determines the abundance or deficiency
of oxygen in the passing exhaust stream. The signal is processed in the CL λ
controller of the ECU, which leads to a readjustment of fuel amount injected for
the next combustion cycle to meet the defined λ set-point for optimal catalyst
performance while satisfying the current request of the driver for engine performance.
However, the CL λ controller adjusts the amount of fuel based on the previous value,
which, in a multi-cylinder engine with only one available λ signal for the whole
bank of cylinders results in a continuous fluctuation around the CL λ set-point.
The λ sensor downstream of the catalyst provides information about the exhaust
gas composition exiting the catalyst, which is used to draw conclusions regarding
its current performance for durability and OBD requirements but also to trim the
fuel adjustment of the upstream lambda sensor signal. In a commercial setup with
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multiple catalytic bricks, state-of-the-art after-treatment systems have up to three
lambda sensors before and after each TWC brick to control the AFR and to guarantee
the high conversion efficiencies necessary to meet emission regulations (Winkler et al.,
2015).

3.6.2

CAN Communication

The ECU provided Controller Area Network (CAN) bus communication, which is a
vehicle bus standard to provide communication between devices without the need for
a host computer. The serial CAN bus communication is standardised by ISO 11898,
which specifies the frame structure, the different layers necessary for the communication and the transmission protocol. The LifeRacing ECU used the 11-bit identifier
format (CAN2.0B standard) and was able to transmit 20 different data frames with
a length of 8 bytes, each containing four ECU parameters. The content, transmission
frequency and identifier of each data frame could be configured individually with the
LifeCal software, which is shown in the screenshots in Figure 3.25.

127

3.6 Engine Control Unit

CAN message
recalculation

CAN message
definition
(b)

(a)

Figure 3.25: Screenshot of the ECU CAN definition (a) customisable CAN stream
and (b) transmitted parameter per data frame

3.6.3

Dynamometer and AVL control

Figure 3.26a shows a screenshot of the user interface for the dynamometer control
software (DSG DaTAQ Pro), which was used to start the cranking procedure of the
engine, as well as the control of any equipment connected to the 12 V car battery
power supply. The equipment included powering the ECU with the help of an
ignition switch, starting the fuel delivery via the commercial fuel pump and turning
on the lambda sensor controllers. Furthermore, the speed set-point of the engine was
controlled via the software, and it provided a programmable time-based feature to
automatically change the speed set-point, which was used for the de-greening (see
Section 4.1) and the starting process throughout this work. Additionally, Figure 3.26b
displays a screenshot of the AVL fuel scale software, which was used for automatic
refuelling purposes during long-duration test procedures, like the de-greening process
of each catalyst.

Dyno control

Fuel consumption
measurements
Dyno speed

Dyno torque

AVL 733S
fuel level

(a)

(b)

Figure 3.26: Screenshot of (a) DSG dyno control software user interface and (b)
control user interface for the AVL fuel scale
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3.7

Instrumentation and Data Acquisition System

Additionally to the engine and dyno control, the system was equipped with two
separate PC’s, one for the logging of pressure and particulate data (which also
operated the ECU control software) and a second for logging of temperature, gaseous
exhaust species and CAN data, additionally performing solenoid valve, MFC, Coriolis
and lambda sensor adjustment or logging. The used data acquisition hardware and
developed or updated software are described in the following sections, and a picture
of the complete control and measurement setup in the dynamometer control room is
attached in Appendix C (Figure C.6).

3.7.1

Control and Data Acquisition with LabView

Both logging computers were equipped with an internally mounted, high-speed data
acquisition card (National Instruments (NI) PCIe-6353) with 16 differential analogue
input channels at a maximum sampling rate of 1.25 MS/s (mega samples/s) and 48
digital in-/ output channels. The high-speed card in the pressure computer was used
to acquire the analogue output signals of in-cylinder-, air intake- and manifold-, as
well as exhaust pressure. The DAQ software used to process and record the incoming
data streams was an originally in-house developed code in the visual programming
software NI LabVIEW 15.0 for a single cylinder CI-engine (Talibi, 2015), which
was advanced and redefined by the author to meet the requirements for this work.
Figure 3.27 shows a screenshot of the DAQ software’s user interface.
Software control options

Temperature
measurements

Horiba emission
measurements

Flow measurements

Lambda
Lambda
measurement
measurements

Figure 3.27: Screenshot of the main LabVIEW DAQ user interface
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The PCIe-6353 was clocked by the 720 pulses per revolution from the crankshaft
encoder, and therefore, the pressure data was acquired on that basis at a resolution
of 0.5 CAD. Three individual timing signals from the engine were used to correctly
synchronise the data acquisition, which was recorded and processed as one complete
four-stroke engine cycle. The optical shaft encoder outputted 720 square pulses per
crankshaft revolution and additionally, one pulse per revolution for synchronisation
purposes. With the help of the camshaft sensor signal, which represents one complete
revolution per four-stroke engine cycle, and the synchronisation pulse of the crankshaft
encoder, processed by an AND logical control gate, a signal was produced with
reference to each four-stroke cycle. The LabVIEW program was triggered by the
reference signal, after which it started recording the incoming data streams for a
single four-stroke cycle until it received the next reference signal, which indicated
the end of the subsequent loop and the start of the next cycle. The reference signal
as the start of a cycle and the 720 square pulses of the crankshaft encoder as the
timing baseline were used for the real-time display and processing of the acquired
data with 1440 data points for each four-stroke engine cycle. As the reference signal
was not aligned with the real piston TDC, the piston TDC was determined with a
method (temperature-entropy based method for TDC determination) developed by
Tazerout et al. (1999) and applied as a crank angle offset into the software.
Additionally, the data acquisition and the processing code were upgraded by the
author to handle the input of multiple in-cylinder pressure signals, including display
and calculation of combustion characteristics, which is exemplified in Figure 3.28.

In-cylinder
pressure
measurement

Figure 3.28: Screenshot of a real-time pressure trace and additional crank angle
based data in the LabVIEW DAQ system
For better experimental control, several combustion specific variables were calculated in real-time together with the engine geometry parameter stored in the
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software, which included the following: IMEP, time of start of combustion, entropy,
global in-cylinder temperature, heat release rate (HRR), time of peak HRR and
mass fraction burned (MFB). A user-specified average of the raw data, as well as
specifically calculated parameters, were displayed and saved in a tabular format for
a predefined number of four-stroke engine cycles.
The second internal NI PCIe-6353 card was used in combination with an external
NI USB-6211 low speed data acquisition device, capable of handling 8 differential
analogue input signals at a peak sampling rate of 250 kS/s (kilo samples/s), to log
the amplified thermocouple signals, the air flow readings and pre and post catalyst
lambda signals. The signals were not fixed to the four-stroke cycle and outputted at
a fixed rate of 10 Hz by the LabVIEW program with the runtime as a baseline. The
input signals were displayed in real-time, and multiple visual and audible alarms for
deviations of system relevant temperatures from user preset limits were programmed.
Figure 3.29 shows a screenshot of the programmed software interface to visualise and
record the temperatures of the system.

All available temperature
measurements

Figure 3.29: Screenshot of the DAQ interface for all temperatures
Additionally, the NI PCIe-6353 card incorporated digital ports with a ± 5 V
output, which were used to control the high-temperature solenoid valves which
adjusted the exhaust sample point for the emission analyser racks (Figure 3.7). Each
signal was wired to a relay (Crydom EL100D5-05), which switched a 24 V circuit
to open (+5 V input) or close (0 V input) the solenoid valves. Two valves (one
normally-open – one normally-closed) were always placed as a pair in the setup, with
the normally-open valve connected to the laboratory extraction side of the catalyst,
so that the extraction pump of any analyser, even in the case of a power cut in the
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engine cell, would not be damaged by pulling against a completely closed system.
The software was designed to operate both valves as a pair, provide visual feedback
to the user and record the digital output signals to be able to double-check the
exhaust extraction position afterwards via the logged data set.
Furthermore, two analogue NI PCIe-6353 output ports (0 - 10 V) were utilised to
set the voltage for the two proportional solenoid valves, which controlled the water
flow-rate through the heat exchangers for engine oil and coolant (Figure 3.4). A PID
control sub-routine in LabView was used, with the oil and coolant temperature as an
input, to create a 0 – 10 V output signal, which was transferred to a digital control
unit (Bürkert 8605). The controller converted the analogue output signal from the
NI PCIe-6353 card into a PWM signal to operate the proportional solenoid valves
and control the flow rate through the heat exchanger.
The H2 MFC and the Coriolis flow meter were monitored and controlled from
the same computer via specifically designed software interfaces by Bronkhorst to be
used in LabVIEW. Data transfer was realised with drivers to allow communication
between LabVIEW and the individual device via an RS232 port. A LabVIEW code,
originally developed by Talibi (2015), was modified to be able to automatically or
manually adjust the flow rate input of the MFC, as well as monitor and log the actual
flow rate through the MFC in real time. A similar piece of software was utilised to
record and display the fuel flow rate and density measured with the Coriolis flow
meter. Figure 3.30 shows screenshots of both LabVIEW user interfaces.

(a)

(b)

Figure 3.30: Screenshot of the (a) H2 MFC and (b) Coriolis flow meter control
interface

3.7.2

CAN Data Acquisition

With the help of a USB-CAN adapter (Lawicel CANUSB), a connection between the
ECU and the temperature measurement computer was established via a virtually
created serial RS232 port. As described in Section 3.6.2, the ECU was sending
specified data sets onto the CAN bus, which were received via the virtual RS232
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port in the LabVIEW environment, translated back into the original units according
to ECU specifications and saved on the same time resolved baseline as the other
data streams received on this computer. A comprehensive LabVIEW sub-program
was developed to be able to receive and convert the data frames, as well as display
and record them for post processing purposes. Figure 3.31 and Figure 3.32 show
screenshots of the developed sub-program.

Figure 3.31: Screenshot of the main CAN conversion sub-program

Figure 3.32: Screenshot of the individual CAN message conversion
The software was programmed in a separated loop, which allowed it to be
switched on only if required for the specific experiment. The received data frames
were transformed according to LifeRacing specifications before being introduced into
the primary LabVIEW program.

3.7.3

Lambda Input Signal Adjustment

The Ecotron lambda controller created an analogue 0 – 5 V output signal for each
lambda sensor, which was fed into the NI PCIe-6353 card. The output signal had
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to be configured via software supplied by Ecotron (ALM GUI), which allowed for
communication with the ALM-LED box via an RS232 serial port (virtually created
by a USB-RS232 converter). The output signal could be specified to be AFR, O2
or λ, and additionally, the controller requested a lower and upper limit for the
chosen output signal to linearise the output voltage according to the boundary values.
Figure 3.33 shows screenshots of the (a) main ALM-GUI user interface, (b) calibration
window and (c) specifically developed LabVIEW analogue input processing feature.

(a)

(b)

(c)

Figure 3.33: Screenshot of the (a) λ control software, (b) calibration window and (c)
LabVIEW processing of the analogue input signals
Figure 3.33c shows the input of the LabVIEW software, which converted the
input voltage specified in the ALM GUI software (Figure 3.33b) back to the defined
values. Therefore, the calibrated value and the range for each lambda controller
had to match between both devices. Throughout this work, the output signal of
the ALM-LED was defined as lambda with boundary conditions as specified in
Figure 3.33.
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3.7.4

Exhaust Analyser Data Acquisition

Furthermore, the data streams generated by the two exhaust analyser racks (Figure
3.14) were displayed and recorded by the second DAQ PC with two GPIB to
USB modules (NI GPIB-USB-HS and NI GPIB-USB-HS+). The original software
developed in LabVIEW by Talibi (2015) was updated to be able to record and display
the data for two analyser rack either separately or together, as well as to calculate
conversion rates for a catalytic converter in real time. An additional O2 analyser
drawer was implemented by the author into the Horiba MEXA-9400 analyser rack
to be able to determine the oxygen level downstream of the catalytic converter. The
analogue output signal of the analyser was fed into the DAQ computer, where it was
calibrated with a software feature added to the LabVIEW code and combined with
the other exhaust data streams.
The sector field electron impact mass spectrometer (V&F HSense) and the
fast particulate spectrometer (Cambustion DMS500) were controlled and the data
acquired with software provided by the instrument manufacturer (V&F Viewer 2.3,
Cambustion DMS User Interface V6.06). The communication for the HSense was
established via a direct Ethernet connection with a fixed network address from the
exhaust logging PC to the internal CPU of the measurement device. The measured
H2 levels were displayed on a time basis and logged in a tab-separated file format. The
fast particulate spectrometer used an Ethernet to RS485 connection to communicate
with the PC interface software, operated on the first DAQ computer, and displayed
the particle size distribution in real time, as well as recorded the measured particulate
data for a preset time frame. All data files were equipped with a time-stamp to
be able to synchronise and correlate the different variables, which was especially
important for the determination of conversion rates. Figure 3.34 shows a screenshot
for (a) the HSense and (b) the DMS500 user interface.

(a)

(b)

Figure 3.34: Screenshots of the (a) HSense and (b) DMS500 software user interfaces
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Analytical Methods

The present chapter describes the most important analytical methods carried out
using the experimental data. In particular, the measurements of exhaust gas composition up- and downstream of the catalytic converter to calculate conversion efficiencies
and lambda values were utilised, as well as the in-cylinder pressure data, which
enabled the calculation of heat release rates, mass fraction burned and indicated
mean effective pressure.

3.8.1

Conversion Rates

The conversion efficiency for a certain exhaust species (exemplified based on CO
levels) flowing through a catalytic converter can be calculated with the measured
volumetric fraction basis according to (Equation 3.5)
η CO

y COin  y COout
y COin

y CO
1  y out
COin

(3.5)

where y X is the volumetric fraction of a species up- and downstream of the
TWC. The concentrations of exhaust species pre and post converter were measured
with different analyser units through heated lines of individual length. For the
calculation of the correct conversion efficiency and the utilisation of data logged with
two analysers, the point of engine start and the individual travel time of the exhaust
sample to the analyser had to be considered. Therefore, a post processing code
(MathWorks MATLAB R2016b) was developed by the author, which synchronised
the experimental data accordingly for travel time and adjusting the THC readings
according to the approach explained in Section 3.5.7, before further calculations and
visualisations were performed.

3.8.2

Lambda Calculations

Literature provides multiple formulas with different levels of detail, all derived from
the general combustion equation, for the determination of exhaust AFR based on
the exhaust gas composition (Brettschneider, 1979; Brinkmeier, 2006; D’Alleva and
Lovell, 1936; Germann et al., 1996; Spindt, 1965). Throughout this work, multiple
equations were used to calculate and compare the measured lambda values against the
shifted exhaust AFR entering the TWC due to the addition of hydrogen upstream of
the catalyst. The equations were adapted from Germann et al. (1996) (Equation 3.6),
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Brinkmeier (2006) (Equation 3.7) and Schrader (2013) (Equation 3.9), which provide
further information on the exact deduction of each formula:
2yO2  2yCO2  yH2 O  yCO  yN Ox
2yCO  yH2  4yT HC  2yCO2  yH2 O

λ

λ

yO2,air
4  Hcv

4Y

(3.6)

Hcv 2  2yH2  2yCO  4yT HC  2yO2  yN O 
yH2  yCO  4yT HC  2yO2  yN O  yO2,air Y


(3.7)

with
2  yH2

Y

yCO2



yCO

2

λ

yO2

1 



yN O

2

Ocv
Hcv


4
2





Hcv
4

yCO2

(3.8)

yCO  yT HC

K
y
K  y CO

CO2





Ocv
2

yCO2



yCO 

yCO  Cval yT HC 

(3.9)
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The amount of water vapour (H2 O content) in the exhaust stream was calculated
based on Equation 3.11, which was adapted from the work of Schönborn (2009)
for diesel exhaust and modified to include the significant amount of H2 present in
gasoline exhaust.
yH2 O

3.8.3
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(3.11)

Stoichiometric Air Calculation

Throughout this work, all fuel blends were blended on an 80 % to 20 % mass
basis between reference gasoline and the blending molecule, which was utilised to
determine the mass-based content of carbon, hydrogen and oxygen in the final blend.
The mass content of each species in the reference gasoline was given in the fuel
certificate, specified according to standardised methods, and the mass contents of
the single molecule blending components were calculated based on the molar mass
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of the molecule and its atom ratio, specified in the empirical molecular formula.
Furthermore, derived from the general combustion equation for HC fuel and the
consideration for the oxygen and sulphur content of the fuel suggested by Spicher
(2015), the stoichiometric amount of air Lst for different fuels was calculated according
to Equation 3.12
Lst

1
ξO2,L



MO2
MO2
1 MO2
c
h
so
4 MH
MC
MS

(3.12)

where ξO2,L is the molar mass of oxygen in dry air, Mx are the molar masses of
the individual species, and c,h,s and o are the mass-based contents of each species in
the fuel (calculated values for each fuel blend are attached in Appendix F). The fuel
certificate specified a value for the sulphur content in the fuel; however, the specified
mass contents of oxygen, carbon and hydrogen added up to 100 %, which is why
the sulphur content was deemed negligible. Based on the molar masses for oxygen,
carbon and hydrogen, as well as the molar mass of oxygen in dry air (ξO2,L = 0.232),
Equation 3.12 may be re-written as
Lst

3.8.4

1
2.664 c  7.937 h  o
0.232

(3.13)

Flow Rate

The positive displacement volumetric air flow meter (Romet G65) produced a pulse
3
every 0.1 m of air passing through it, which was processed by the DAQ system. Based
on the time difference between two consecutive pulses in seconds, the volumetric air
flow rate V̇air was calculated according to Equation 3.14.
3

V̇air

0.1
m


tn  tn1 s

(3.14)

Furthermore, the mass based air flow rate (ṁair ) was determined with the
volumetric air flow rate V̇air , as well as the measured pressure pair and temperature
Tair of the air at the intake of the flow meter (as described in Section 3.1) as per
ṁair

pair V̇air
Rair Tair

(3.15)

with
Rair

287.057
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The exhaust mass flow rate was determined based on the measured fuel- and
air flow, which could be recalculated to a volumetric flow rate with the help of the
measured exhaust temperature and pressure, assuming the same properties as air.
The assumption was based on the calculation of the molar weight of the averaged
exhaust composition for both test conditions used in this work, which resulted in
a molar weight for the exhaust in a range of 28.929 - 29.246 g/mol. The difference
between the molar weight based on the exact exhaust composition and the molar
weight of dry air (28.965 g/mol) was deemed negligible, and therefore, the molar
weight of dry air was used for any exhaust-flow calculation throughout this work. The
calculation performed for the molar weight of exhaust gas based on its composition
is attached in Appendix D (Table D.2).

3.8.5

In-Cylinder Pressure Analysis

The in-cylinder pressure traces logged over the entire 720 CAD of an individual
four-stroke combustion cycle or an average of multiple consecutive cycles can be
utilised to analyse the behaviour of different fuel blends over a combustion cycle.
The in-cylinder pressure data can give indications regarding the start of ignition,
volumetric efficiency of the engine and the duration, as well as the magnitude, of
heat release for different fuels during combustion. The utilised analysis of in-cylinder
date is outlined in Appendix E, together with respective pressure derived plots for
different fuel blends.

3.8.6

Experimental Error Representation

The error bars given throughout this work represent plus and minus one standard
deviation from the mean value shown in the individual plot, derived from repeated
experiments for the same test fuel and engine condition within that experimental
series. If different values of conversion efficiency and emission levels are reported for
the same TWC or fuel at equivalent experimental conditions, this can be explained
by a variation in the conversion performance of the TWC received from the supplier.
Each TWC brick was de-greened under the same conditions to minimise variations
caused by the deterioration of the brick, and daily performance tests were executed
to determine the catalyst condition.
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3.9

Summary

A full description of the commissioned experimental setup was outlined throughout
this chapter. The modified test engine, the setup for catalytic experiments and
the fuel delivery layout, including detailed explanations of the utilised control
and measurement equipment, were described, which enabled stable test conditions
throughout all experiments. The operation principles and calibration procedures of
exhaust measurements (gaseous species & particulates), H2 control, temperature and
lambda readings were outlined specifically as the main parameters to determine the
impact of H2 and oxygenated fuel blends on the conversion performance of three-way
catalysts and to assure the highest possible quality of results to answer the research
questions of this study.
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Chapter 4
Experimental Methodology
The present chapter describes the general design of experiments performed throughout
this work; in particular, the two engine conditions utilised and the test procedure to
investigate the performance of a TWC.

4.1

De-Greening Procedure

Every TWC used in this work underwent the same “de-greening” procedure to
ensure similar conditions of the catalyst before performing further experiments, and
the procedure was conducted as suggested by the manufacturer for a new TWC.
The TWC was preconditioned in the catalyst setup by performing the 400 s long
extra-urban part of the NEDC 12 times, which represents roughly 80 km of driving
distance and lasted for 1 hour and 20 minutes. The procedure was designed to
expose the TWC to typical temperature, exhaust flow rate and exhaust composition
environments to reduce potential variations in the catalyst behaviour due to the
manufacturing process. An automated dyno control procedure was programmed by
the author to replicate the speed profile over the extra-urban part of the NEDC,
and the load control was managed manually to maintain a low to medium load
range throughout the test, based on an NEDC simulation for a commercial VW
passenger car equipped with an equivalent engine. The underlying simulation results
are attached in Appendix D (Figure D.4).

4.2

Lambda-Sweep Tests

A lambda-sweep test was performed with each TWC to determine the lambda
operation window of each catalyst, define the cross-over point for oxidation and
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Conversion
Conversionefficiency
efficiency[%]
[%]

reduction reactions and examine potential differences between catalysts of the same
production batch. The lambda-sweep procedure was based on descriptions given by
Hagelüken (2016) and available OEM data performing lambda-sweep experiments.
The engine was operated at a steady-state point with CL lambda controlled values
of 0.95 to 1.2 at increments of 0.1 λ. A fixed throttle position was maintained to
keep the temperature and the exhaust flow rate entering the TWC as constant as
possible. Lambda-sweeps were conducted with a warmed-up catalyst, calculating
the conversion efficiency for the individual species with exhaust streams of changing
stoichiometry entering the TWC. Figure 4.1 shows the results of lambda-sweep
experiments performed for four identical ceramic three-way catalyst of the same
production batch.
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Figure 4.1: Lambda sweep results for four different ceramic TWC samples showing
CO, THC and NOX conversion efficiency plotted against lambda
It can be seen in Figure 4.1 that the cross-over point, hence, the highest conversion
efficiency for the three displayed exhaust species occurred in a slight rich exhaust
environment between lambda 0.99 and 1.00. Even small changes in the operating
conditions of the engine would result in a distinct reduction of overall conversion
rates, therefore, as explained in Section 3.6.1 the engine was operated to produce
an exhaust environment, which, despite enforced lambda perturbation, was close to
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stoichiometric in average. The cross-over point for oxidation and reduction reactions
was determined at λ = 0.995; however, the ECU only supported a resolution of
the lambda set-point with two decimals. The enforced CL λ-perturbation was set
to produce an average lambda reading upstream of the TWC of 0.995, exemplified
for six light-off tests in Figure A.2 (Appendix A). The λ value pre TWC for 20
steady-state tests resulted in an average of λ = 0.9956 ± 0.0006.

4.3

Oxygen Storage Capacity Tests

Oxygen storage capacity tests were executed to evaluate the ability of the washcoat
to store and release oxygen in operating conditions away from the optimum value
(λ = 1.0). OSC is an essential feature of the TWC to balance out fluctuations in the
air-to-fuel ratio during regular operation and to maintain a high conversion efficiency
for all legislated species; thereby, excess oxygen can be stored if available and be used
for oxidation purposes if necessary. The test was started by emptying the cerium
oxide storage with a constant rich (λ = 0.96) environment before the lambda value
was switched between a lean (λ = 1.04) and rich (λ = 0.96) exhaust environment for
60 s cycles. Figure 4.2 shows the pre and post lambda value plotted against time for
two complete lambda cycles.
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Figure 4.2: Lambda signals pre & post the catalytic converter - jumps 0.96 - 1.04
The lambda signal upstream of the converter followed the ECU set value of the
CL λ controller directly; however, especially in a rich exhaust environment, a shift of
the post converter lambda signal was observed. Peyton Jones and Jackson (2003)
showed that distortion in lambda values changes with the ratio of the oxygen diffusion
coefficient relative to that of other species, which correlate to the drift in signal
readings found in Figure 4.2, where rich conditions caused more significant distortion
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than lean conditions. Increased hydrogen levels were potentially produced during
rich engine operation due to WGS, and the far lower diffusion coefficient of hydrogen
than oxygen (compared to the other available species) caused the distinct deviation
in lambda reading downstream of the TWC. Therefore, to be able to calculate the
OSC correctly, a signal correction was applied after the post signal was readjusted
for the runtime discrepancy between both sensors. The signal correction is based on
the assumption that the amount stored and released from the converter had to be
equal and no drift in lambda signal up- and downstream of the converter should be
visible when steady-state conditions are reached. Based on the work of Brinkmeier
(2006), the following corrections (Equation 4.1 and 4.2) of the post TWC lambda
signal was used.

λraw t $ 1  δst 

λraw t ' 1  δst 

λcorr t

λcorr t

1

1

λr  1
λraw t  1  δst 
λr  δr   1  δst 
(4.1)

λl  1
λraw t  1  δst  (4.2)
λl  δl   1  δst 

The corrections were executed in two regions, below and above the raw lambda
value of (1+δst ), with δ representing the shift from the lean, rich set-point specified
and the stoichiometric lambda value. For a better understanding, the implementation
of the correction is visualised in Figure 4.3, showing the pre (solid line) and post
(dotted line) lambda signal, as well as the corrected post lambda (dashed line) signal.
Based on the pre λpre and the corrected post lambda signal λpost , the GHSV
through the converter and the H
ratio of the fuel, the amount of oxygen stored on to
C
the washcoat of the converter may be calculated. Multiple equations were available
in the literature (Brinkmeier, 2006; Ingram and Surnilla, 2003; Miyamoto et al.,
2002; Odendall, 2016) for OSC calculations, all based on lambda-jump experiments
offering different levels of complexity on how to calculate the OSC. Equation 4.3 was
applied to determine the storage ability of the TWC converter throughout this work
(Brinkmeier, 2006).
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Figure 4.3: Approach for post converter lambda signal correction (a) rich-to-lean
and (a) lean-to-rich lambda jump

Equation 4.3 was derived from the assumption of ideal stoichiometric combustion
0
0
and molar exhaust flow at standard temperature (T ) and pressure (p ) conditions,
with R being the universal gas constant, z the H
ratio of the fuel, yO2,air the molar
C
fraction of oxygen in air and M WO2 the molar weight of oxygen, multiplied by
the GHSV through the converter (GHSV ) and the area between the both lambda
signals. A detailed explanation is available in the work of Brinkmeier (2006). Similar
approaches are used in the OBD of commercial passenger cars to determine the OSC,
which can be used as an indicator for the performance and age of a TWC (Hagelüken,
2016). The calculated OSC of the utilised TWC-CR samples in this work was around
19 mg/L of catalyst volume at a temperature upstream of the catalyst of roughly
515 °C, and the individual values are attached in Table D.3 in Appendix D, which
showed a comparability of all samples in terms of OSC. Brinkmeier (2006) reported
an increasing oxygen storage capacity with increasing TWC temperatures, which
means that this value might not be the maximum OSC, but only the highest at
the given condition. For one of the samples (sample 4), the OSC was remeasured
after the brick was deemed to have insufficient conversion capability (based on the
criteria outlined in Section 4.4.1), resulting in an OSC of roughly 8 mg/L, which is a
potential explanation for the decreased conversion capability of the catalyst.
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4.4

Light-Off Tests

Light-off tests were conducted to determine the light-off temperature and maximum
conversion rate of a specific conversion reaction using a TWC with two different
engine conditions utilised (described in Section 4.5). The emissions were measured pre
and post TWC simultaneously, while the engine-out exhaust temperature increased
depending on the speed-load condition. Figure 4.4 shows the conversion rates for
the three legislated emissions species, carbon monoxide, total hydrocarbons and
nitrogen oxides, plotted against the temperature measured upstream of the TWC.
Throughout this work, light-off time (Time50% ) or light-off temperature (Temp50% )
represent the time or temperature necessary to reach a 50 % conversion rate over
the TWC for the specific exhaust species.
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Figure 4.4: Light-off curves for the three main pollutants CO, THC and NOX plotted
against (a) time after engine start and (a) exhaust temperature upstream
of a ceramic Pd/Rh/Pt catalyst

4.4.1

Daily TWC Determination

Each TWC brick was de-greened and characterised, as explained in the previous
sections before being utilised in light-off and steady-state experiments. Additionally,
an assessment of TWC regarding its degradation and conversion performance was
performed ahead of any daily test session. After the warm-up and conditioning
process of the engine coolant and oil, two light-off tests were performed analogue to
the light-off test procedure previously explained and the engine operated on reference
gasoline. One test was performed without the addition of H2 and the other with the
addition of 500 ppm H2 upstream of the TWC. The conversion performance for the
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oxidation reaction of CO and THC was used to assess the state of degradation of the
catalyst. NOX reduction was examined as well, but the decision was based on the
oxidation conversion performance because the addition of H2 and consequently the
increased competition for the available oxygen in the exhaust favours NOX , which
could make the determination of the TWC performance more difficult. Figure 4.5
shows the CO and THC conversion for two daily sets of light-off experiments, with
Figure 4.5a and c for a TWC deemed operational and Figure 4.5b and d for a TWC
which was replaced afterwards.
Failed

Operational
CO conversion rate [%]

100
80

(a)

0 ppm
500 ppm

(b)

60
40
20
0
250
100

THC conversion rate [%]

0 ppm
500 ppm

80

300

350

(c)
0 ppm Temperature
500 ppm

400 250

300

350

(d)
0 ppm Temperature
500 ppm

[°C]

400

[°C]

60
40
20
0
250

300

350

400 250

Temperature [°C]

300

350

400

Temperature [°C]

Figure 4.5: Daily determination of TWC conversion performance on the basis of two
light-off tests; CO and THC conversion rate for (a, c) an operational
TWC and (b, c) a failed TWC with 500 ppm H2 added
The set of daily light-off experiment was evaluated before any further experiments
were conducted. A TWC was decided to be still operational as long as the addition
of 500 ppm H2 showed a positive impact on the conversion rate for CO and THC
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oxidation, as shown in Figure 4.5a and c. The locally introduced energy on the catalyst
surface with higher H2 addition levels or blocking effects with the oxygenated fuel
blends, possibly lead to a degradation effect and resulted in a decreasing conversion
rate of CO (Figure 4.5b) and THC (Figure d) oxidation with the addition of 500 ppm
of H2 , and therefore, to a replacement of the brick.

4.5

Test conditions

All experiments conducted throughout this work were performed with the Low-Speed
or the WLTC engine operation condition, which are described in the following
subsections. The catalyst brick temperature was below 30 °C before any experiment
was commenced, but no pre treatment of the catalysts to reduce any potential
chemisorbed or physisorbed species on the TWC surface was performed ahead of
the experiments as suggested in the work of Herreros et al. (2014b). Due to ECU
starting restrictions, it was decided that the variability during the engine starting
procedure would overlay any performed pre treatment of the catalyst during this
period of the test and therefore, besides the temperature restrictions, no further
treatment of the TWC was carried out.

4.5.1

Low-Speed Condition

The initial Low-Speed test condition was defined based on a preliminary calibration
of the engine, which allowed for stable engine running conditions (COV over IMEP <
5 %) at a low speed and a medium load. The test point was chosen to result in a slow
heating-up process of the TWC to be able to investigate the introduction of different
levels of hydrogen on the conversion behaviour while being able to upgrade the setup
and the engine calibration for an upgraded test procedure. The test condition was
defined at 1000 rpm with a throttle position of 10 %, which resulted in an IMEP of
roughly 7.5 bar; hydrogen was introduced at levels of 500 ppm, 1000 ppm, 2000 ppm,
4000 ppm and 8000 ppm. The chosen H2 addition levels were based on H2 levels
examined in the literature review (Section 2.3), which showed beneficial impacts on
the conversion performance of a variety of after-treatment devices. Observed H2
levels above 1 % were disregarded due to increasing practically issues with increasing
H2 levels to potentially store or produce H2 on-board of a LDV.
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4.5.2

WLTC Condition

The WLTC test condition was a steady-state operation condition with the intent
of being more representative of real-world driving conditions than the Low-Speed
test condition. Together with an upgraded engine calibration (updated values for
different combustion relevant parameters were gained from an original calibration
set), the test point was derived from a simulation performed online with a VW Golf
1.4L TSI for the legislated WLTC test cycle (Moresche, 2016), with the simulation
input data attached in Appendix D (Figure D.2 and Figure D.3). Figure 4.6 shows
the simulation output of the WLTC cycle as a speed-load graph, specifying the time
percentages the engine spent in the individual speed-load range over the WLTC
driving cycle of 1800 s duration.

Defined values for
test point calculation

Figure 4.6: Time based speed-load distribution of the WLTC (Moresche, 2016)
Based on the speed and load for each square, weighted with the specific time
spent at this engine condition, a test point was calculated which resulted in a speedload combination representative of the predominant part of the WLTC cycle. The
calculation did not take speeds above 2400 rpm and loads beyond 10 bar BMEP
into account (assumptions for pushed operation attached in Appendix D), based
on the assumption that any catalyst would be fully warmed up and at its peak
conversion efficiency at these conditions. According to the calculation, the test point
was defined at 1600 rpm and 3.6 bar BMEP. However, it should be pointed out that
the calculated BMEP was used as the origin for all test conditions, which resulted in
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an IMEP of roughly 4.7 bar with reference gasoline and was kept constant for all
utilised oxygenated fuel blends.
Furthermore, based on the light-off experiments at the Low-Speed condition
(Section 4.5.1) with the ceramic TWC, the amount of hydrogen added to the exhaust
stream during the WLTC test condition was reduced to the following levels: 500 ppm,
1500 ppm and 2500 ppm. The H2 addition reduction was decided based on the
significant decrease in achievable maximum conversion efficiency for both oxidation
reactions and the change in the slope of THC oxidation light-off with levels between
2000 ppm and 4000 ppm of H2 . The spread of H2 addition levels was chosen so as
to limit the number of experiments while covering the whole H2 range of interest in
enough detail and to be able to perform intermediate experiments with different H2
levels if necessary.
Throughout this work when using the WLTC test condition, the engine oil and
water was first warmed up to values of 80 ± 2 °C and 82 ± 4 °C respectively and
with all three thermocouples situated inside the catalytic brick reading below 30 °C
prior to starting a test. The idling condition after engine start was set to 900 r/min
for 12 seconds for stabilising purposes, which equals the time frame used in the
WLTC cycle starting procedure (European Commission, 2010). These 12 seconds
were also used for the heating up process of the CL lambda probe, which was not
possible beforehand due to ECU safety measures and prevented the lambda probe
from being switched on without the detection of a speed signal. Therefore, the engine
was operated in an open-loop mode for this period.
Subsequent to the stabilisation, the flow of hydrogen was started where applicable,
concurrent with the engine being accelerated to its final operating steady-state
condition of 1600 r/min and 4.7 bar IMEP, which was held for a total test time of
600 seconds. The engine was operated for all tests at a spark timing of 15 °BTDC,
an injection pressure of 80 bar, an injection timing of 280 °BTDC and a averaged CL
lambda value of 0.995 upstream of the TWC with an oscillation of 2.5 % at 1 Hz,
according to Hagelüken (2016) a commonly used value in the automotive industry.
Furthermore, the fuel delivery system was flushed with RGL after each experiment
where the engine was operated with an oxygenated fuel blend, so as to clear any
residual in the system and prevent cross-contamination between fuel blends, as well
as providing a common baseline.
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4.6

Summary

The experimental methodology specified and detailed throughout this chapter
provides a robust procedure to perform experiments in a well defined, controlled
and repeatable manner to investigate the effect of H2 addition and the utilisation of
oxygenated fuel blends on the conversion performance of TWC’s, while minimising
and understanding the effects which introduce variations into the experiments. Furthermore, the basis of each step in the methodology was specified and assumptions,
where necessary, were pointed out in each section. To detect any production based
variation in catalyst performance, each newly installed TWC underwent the same
characterisation procedures, and a self-defined process of determining TWC performance was performed daily before any experiment (Section 4.4.1). The overall intention
of examining the impact of H2 and varying fuel blends on a TWC in a commercial
real-exhaust gas environment was maintained, which led to the utilisation of well
established commercial catalyst characterisation procedures like the lambda-sweep
(Section 4.2) and the light-off (Section 4.4) tests and to the definition of the primary
steady-state engine operation condition (Section 4.5.2) based on WLTC drive cycle
simulation.
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Chapter 5
Effect of Hydrogen Addition on
TWC Conversion Performance
The addition of hydrogen into oxygen-rich exhaust environments to improve the
conversion performance of oxidation (Herreros et al., 2014b; Salomons et al., 2009)
and reduction (Burch and Coleman, 2002; Herreros et al., 2014a; Satokawa, 2000)
reactions for different catalytic after-treatment devices, as well as the impact on
the regeneration process of particulate filters (Hemmings and Megaritis, 2012; Park
et al., 2010), has been the subject of previous studies. The initial low level H2
addition resulted in the most significant impact on the conversion behaviour of
gaseous species, and the positive impact decreased with increasing H2 addition levels
(Richter et al., 2004b; Salomons et al., 2006). A potential PGM loading reduction
3
of up to 70 g/ft was estimated if the light-off temperature of a DOC decreased by
20 °C (Katare and Laing, 2009). However, the effect of H2 addition upstream of
commercial three-way catalysts, operated in a stoichiometric exhaust environment,
has received less attention.
The following chapter presents the results of the experiments conducted with
different commercially available TWC’s and increasing levels of H2 added to the
exhaust stream upstream of the catalyst. The range of hydrogen introduced was
derived from previous studies, which observed a positive effect with low levels of H2
addition (Burch and Coleman, 2002; Herreros et al., 2014b; Salomons et al., 2009).
The engine was operated at stoichiometric conditions and no additional oxygen
for H2 oxidation was provided, for example, by means of secondary air injection
(Heimrich and Andrews, 2000). Several procedures were executed to examine the
impact of H2 addition on the light-off conversion performance and the steady-state
conversion efficiency of the TWC. Different engine test conditions and TWC types
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were investigated to study the impact of H2 on legislated gaseous and particulate
pollutants conversion with changing TWC environments.

5.1

Experimental Method

The information available regarding the investigated three-way catalysts, the engine
operating conditions and the specifications of the utilised reference gasoline are
briefly outlined in the following sections. Any reference to light-off time or light-off
temperature is considered a time or a specific temperature needed to achieve a 50 %
conversion rate of the individual species.

5.1.1

Apparatus

All experiments described throughout this chapter were performed on the modified
VW 1.4L TSI engine, operated with three firing and one motored cylinder, and with
fuel provided via the pressurised fuel tank for limited duration tests described in
Chapter 3.

5.1.2

Three-Way Catalysts Investigated

The commercially available TWC’s were coated for Euro VI legislation according
to the respective manufacturers. The obtainable properties for the three utilised
three-way catalysts are summarised in Table 5.1, including the subsequently used
labelling for each TWC.
The ceramic 0.61 litre TWC (TWC-CR) was used throughout the work for all
test conditions as a baseline catalytic environment and was compared against a
larger metal-foil based TWC (TWC-MF) and an additional ceramic catalyst with
more than double the volume (TWC-VW). The 0.61-litre ceramic TWC-CR used the
three platinum group metals Pd/Rh/Pt with a loading of 15 g, whereas the 1.07 litre
TWC-MF was coated with Rh/Pd. The third commercial converter (TWC-VW)
was acquired with roughly 100 miles of in-vehicles usage from the current passenger
vehicle model, VW Golf Mark 7 1.0L TSI, with only measurable geometrical data
available and no information relating to the washcoat composition could be obtained.
The TWC-CR was chosen in consultation with the manufacturer as a state-of-the-art
ceramic TWC and washcoat composition to meet current emission legislation for an
engine with the displacement used throughout this work. Subsequently, the ceramic
after-treatment device (TWC-VW) of a currently available passenger car with a
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Table 5.1: Properties of the utilised three-way catalysts
TWC-CR

TWC-MF

TWC-VW

Catalyst type

3-way – Pd/Rh/Pt

3-way – Rh/Pd

3-way

Base material

cordierite

FeCrAl alloy

cordierite

Fabrication

-

brazed element

-

PGM ratio

19 / 5 / 1

-

-

15 g

-

-

-

150 g/L

-

Ø of element

101 mm

125 mm

118 mm

Length of element

76 mm

87.5 mm

114.5 mm

Volume

0.61 L

1.07 L

1.25 L

Cell density

400 cpsi

300 cpsi

600 cpsi

Wall thickness

0.15 mm

0.05 mm

-

PGM loading
Washcoat loading

similar engine displacement was chosen as a comparable catalyst. The available
TWC-MF was utilised to investigate potential differences in the two commercially
available TWC substrate materials (FrCrAl-alloy), despite the niche market of metalfoil, which comprises less than 10 % of the market share according to Hagelüken
(2016).

5.1.3

Experimental Conditions

For all experiments presented in this chapter, one of the two engine operating
conditions was utilised. The main engine parameters (e.g. speed, throttle position,
spark timing) calibrated for both conditions are summarised in Table 5.2.
Both experimental conditions had an early injection timing (Low-Speed =
265 °BTDC and WLTC = 280 °BTDC) to allow for a homogeneous mixture in
the combustion chamber with the CL lambda setpoint of 1 for the Low-Speed and a
lambda perturbation of 2.5 % at 1 Hz around the lambda value of 0.995 for the WLTC
condition. The Low-Speed test condition, with the engine operating at 1000 rpm
and 10 % throttle position, resulted in a slower heating up process of the TWC than
with the WLTC condition with the engine operated at 1600 rpm and 7.5 % throttle
position. The engine parameters stated in Table 5.2 were kept steady for the entire
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Table 5.2: Calibrated engine parameters for the utilised test conditions - Low-Speed
and WLTC
Test condition
Speed

Low-Speed

WLTC

1000 rpm

1600 rpm

10 %

7.5 %

7.3 bar

4.7 bar

13.75 °BTDC

15 °BTDC

50 bar

80 bar

265 °BTDC

280 °BTDC

1.0

0.995

-

2.5 % at 1 Hz

Throttle position
IMEP
Spark timing
Injection pressure
Injection angle
CL-lambda setpoint
Lambda perturbation

duration of each test except the first 12 s of the WLTC test condition as outlined in
Section 4.5.2. The CL lambda setpoint of 0.995 for the enforced lambda perturbation
(WLTC condition) was derived from the cross-over between oxidation and reduction
reactions shown in Figure 4.1, representing the lambda value for the overall peak
conversion efficiency of the TWC. The ECU continuously adjusted the injection
duration to maintain the CL lambda setpoint at the defined engine conditions. The
engine was operated with reference gasoline (Haltermann-Carless - Carcal RF-02-03)
in all experiments described in this work. The specifications of both utilised batches
are summarised in Table F.1, which is attached, together with the fuel certificates,
in Appendix F (Figure F.1 and Figure F.2). The temperature profiles developed
upstream of the TWC for the first 250 s after engine start are displayed in Figure 5.1,
with the grey area representing one standard deviation from the mean temperature
profile (black line) calculated over six start-up tests for both test conditions.
Each light-off test commenced with a TWC brick temperature measured across the
brick (thermocouple position as described in Chapter 3) below 30 °C; consequently,
the TWC had to be cooled down after each experiment which took roughly 75 min and
determined the number of possible test runs per day. Figure 5.2 shows the engine-out
levels of gaseous species for the two test conditions at steady-state, averaged for all
tested hydrogen levels of each condition, with the error bars shown representing the
standard deviation of the mean value.
The steady-state tests were performed with the temperature upstream and inside
the TWC stabilised for the specific test point. The two steady-state conditions
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Figure 5.1: Temperature development upstream of the TWC for the Low-Speed and
WLTC test conditions with the grey area representing one SD of the
mean temperature profile
resulted in a very stable engine-out exhaust composition, hence, comparable TWC
inlet conditions for the different H2 addition levels, as summarised for the gaseous
species in Figure 5.2. The H2 level does not show error bars due to lack of equipment
availability, allowing for only one measurement upstream of the TWC for each
completed set of tests. For the conducted experiments, hydrogen was introduced into
the exhaust flow in the range of 500 – 8000 ppm, with the exact levels specified in
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the legend of each plot. The steady-state lambda-sweep experiments (see Section 5.3)
were performed at the Low-Speed conditions specified in Table 5.2. The experiments
conducted at WLTC engine conditions incorporated, besides the legislated gaseous
emissions, measurements for oxygen concentration downstream of the TWC, and
hydrogen and particulate pollutant levels separately measured up- and downstream
of the TWC.

5.2

Results and Discussion - Light-Off

The following sections discuss the results of varying levels of H2 added into the engine
exhaust on the light-off conversion performance of regulated gaseous pollutants and
particulates across different three-way catalysts.

5.2.1

TWC-CR - Gaseous Species - Low-Speed & WLTC
condition

Figure 5.3 shows the temperature development upstream of TWC-CR (pre) and for
the mean brick temperature (mean) with different levels of hydrogen added to the
engine exhaust before entering the catalyst, displayed for the first 250 seconds after
engine start. A detailed description of the Low-Speed (Figure 5.3a) and the WTLC
(Figure 5.3b) test condition is available in Chapter 4.
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Figure 5.3: Effect of H2 addition on the pre & mean TWC-CR temperature profiles
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Figure 5.3a and Figure 5.3b show near identical respective temperatures pre
TWC during warm-up, irrespective of the level of H2 addition, reaching temperatures after 250 s of 363 °C ± 2 °C and 420 °C ± 2 °C in the case of Low-Speed
and WLTC conditions respectively. The pre TWC temperature alignment for all
H2 levels tested at both conditions represent a high degree of repeatability in the
warm-up procedure of the engine and therefore, a comparable test environment for
the catalytic converter. Figure 5.3 also shows very clearly a faster increase in the
mean brick temperature with increasing H2 addition due to the additional energy
introduced through exothermal hydrogen oxidation. For example, the mean brick
temperature after 100 s for the Low-Speed test condition in Figure 5.3a increased
from 301 °C without extra H2 addition to 324 °C and 394 °C with 2000 ppm and
8000 ppm H2 respectively, and a mean brick temperature of 350 °C was reached
13 s and 34 s faster with 2000 ppm and 8000 ppm H2 relative to no H2 addition.
The temperature profiles for the WLTC test condition in Figure 5.3b show a similar
temperature increase with H2 addition, 100 s after engine start, from 313 °C to 375
°C with 2500 ppm of H2 added and a mean brick temperature of 350 °C reached 15 s
earlier with 2500 H2 than without the introduction of H2 .
Figure 5.4 shows the effect of different H2 addition levels on the time interval
after engine start to reach a 50 % conversion rate for the three legislated gaseous
species (CO, THC, NOX ), with Figure 5.4a showing the Low-Speed and Figure 5.4b
the WLTC test condition.
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Figure 5.4a and b show an absolute time difference to reach a 50 % conversion
efficiency for each species at the Low-Speed condition relative to the WLTC operating
point, which can be explained on the basis of the steeper gradient of the temperature
upstream of the TWC (see Figure 5.3), and therefore a faster warm-up process of the
catalyst when operating the engine on the WLTC condition. However, both plots
show a distinct relative improvement for all three conversion reactions which cannot
be directly linked to the amount of H2 added into the exhaust flow.
CO oxidation indicated a high initial effect of low level H2 addition (500 ppm)
which resulted in a time improvement of 10 s and 5 s to reach 50 % conversion
efficiency for both operating points respectively (Figure 5.4a and b), which increased
by another 5 s and 8 s with the four- and fivefold amount of H2 added. The THC
conversion rate followed a similar trend, where the largest decrease in time to 50 %
conversion efficiency was caused by the initial introduction of 500 ppm H2 , reaching
a 50 % conversion rate 14 s (Low-Speed - Figure 5.4a) and 5 s (WLTC - Figure 5.4b)
faster than without H2 addition. Furthermore, Figure 5.4 shows that increasing
hydrogen values resulted in a decreasing relative time benefit for both oxidation
reactions, despite the increase in mean TWC temperature (see Figure 5.3). Especially
affected was THC conversion, where a negative effect on the conversion efficiency
was observed if the H2 addition surpassed 2000 ppm (Figure 5.4a). Compared to a
H2 addition level of 2000 ppm in Figure 5.4a, 50 % THC conversion was reached 5 s
and 34 s later with the use of 4000 ppm and 8000 ppm respectively at the Low-Speed
condition, and the decreasing effect of H2 addition disappeared with the increase
from 1500 ppm to 2500 ppm at the WLTC condition (Figure 5.4b).
A contrary trend was found with rates of NOX reduction, where increasing levels
of H2 addition resulted in a continuous decrease in the time to reach 50 % conversion
efficiency (Figure 5.4). The addition of 8000 ppm H2 in Figure 5.4a reduced the
light-off time by 62 s in comparison to the baseline without extra H2 , and 2500 ppm
with the WLTC condition in Figure 5.4b resulted in a 19 s decrease compared to the
baseline. More detailed time-based conversion plots for the individual species are
attached in Appendix A (Figure A.3).
It is apparent in Figure 5.4a and b that H2 addition into the stoichiometric
exhaust environment can have beneficial effects on the light-off times for CO, THC
and NOX conversion. However, the effect is dependent on the level of H2 introduced
and resulted in a reduced overall conversion efficiency if a H2 addition level of roughly
2000 ppm was exceeded in this work. In contrast to mean temperature profiles in
Figure 5.3, where the increase in H2 addition levels was directly linked to the mean
temperature development inside the TWC-CR for both test conditions.
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Figure 5.5 shows the conversion rate for the three legislated gaseous pollutants
CO, THC and NOX plotted against the inlet temperature of the TWC-CR for each
of the H2 addition levels and the two test conditions - (i) Low-Speed and (ii) WLTC
test condition.
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Figure 5.5: Effect of H2 addition on the TWC-CR light-off curves of (a) CO, (b)
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Immediately apparent from Figure 5.5 is that low level H2 addition into the
exhaust stream reduced the light-off temperature for CO and THC oxidation, and
NOX reduction. Similar to the observations made for the light-off time in 5.4, it can
be seen that the conversion of THC is especially sensitive to the level of H2 addition,
while NOX reduction showed a decrease in light-off temperature over the whole range
of H2 levels added. The introduction of H2 levels below 2000 ppm achieved overall the
highest reduction in light-off temperature while maintaining the three-way conversion
efficiency for CO, THC and NOX . The addition of 2000 ppm H2 in Figure 5.5a-i
and 5.5b-i resulted in a CO and THC light-off temperature reduction of 21 °C and
9 °C respectively, while for the WLTC test condition (Figure 5.5a-ii and 5.5b-ii) the
highest decrease in light-off temperature of both oxidation reactions was achieved
with an addition level of 1500 ppm H2 . Further, increase in H2 levels reduced the
light-off temperature of CO conversion further, however, not to the same magnitude
as the initial H2 addition and resulted in a relative increase in light-off temperature
for THC conversion.
Furthermore, it can be seen in Figure 5.5a-i and Figure 5.5b-i that H2 levels of
4000 ppm and 8000 ppm resulted in a distinct reduction of maximum CO and THC
conversion efficiency achieved at 400 °C. 8000 ppm of additional H2 reduced the CO
and THC oxidation rate reached at the end of the test by more than 50 %, and
4000 ppm reduced the conversion rate by 10 % and 25 % respectively for CO and
THC (Figure 5.5a-i and 5.5b-i). Figure 5.5a-ii and Figure 5.5b-ii indicate similar
trends of a decreasing maximum conversion rate for CO and THC with increasing H2
levels, however, with a maximum H2 addition level of 2500 ppm (WLTC condition),
the conversion rate at 400 °C decreased only by roughly 8 °C for CO and THC
oxidation. It should also be noted that H2 levels over 2000 ppm not only negatively
affected the light-off temperature and maximum achievable conversion rate, but also
decreased the gradient of the increase in conversion rate with temperature of THC
oxidation.
The NOX reduction in Figure 5.5c-i and 5.5c-ii shows similar trends for both test
conditions and an almost linear decrease of light-off temperature with increasing
H2 levels, peaking at a Temp50% reduction of 42 °C and 19 °C with 8000 ppm and
2500 ppm extra H2 respectively. Additionally, a clear enhancement in low temperature conversion was evident (Figure 5.5c-i), increasing the NOX reduction efficiency
at 275 °C from 9 % without H2 to 23 % and 46 % respectively with the introduction
of 4000 ppm and 8000 ppm H2 , though, a slight decrease in maximum conversion
rate can be noticed with the addition of 8000 ppm H2 . The addition of 2500 ppm H2
in Figure 5.5c-ii increased the NOX conversion rate at 275 °C from the baseline of 8
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% to 21 %.
The conversion rates of CO, THC and NOX for different mean brick temperatures
plotted over the different H2 addition levels are shown in Figure 5.6 to gain further
insight as to the exothermic effect of hydrogen oxidation and a potential beneficial
chemical effect through H2 addition, as reported in lean exhaust environments. Figure 5.6a-i and Figure 5.6b-i highlight very clearly the reduction in CO and THC
oxidation rates with H2 addition levels greater than 4000 ppm, independent of the
mean brick temperature and especially for brick temperatures above 450 °C. An
opposing trend is visible in Figure 5.6c-i, where H2 addition levels above 2000 ppm
drastically improved the NOX reduction efficiency, a trend which decreased in magnitude with increasing brick temperatures approaching that at which the maximum
conversion efficiency was achieved.
Furthermore, it can be seen from Figure 5.6a-i and 5.6b-i that low levels of H2
addition (< 2000 ppm) had a beneficial effect on CO and THC oxidation reactions at
low brick temperatures (< 400 °C), resulting in a 9 % and 5 % increase for CO and
THC oxidation at a brick temperature of 350 °C with 2000 ppm H2 added, as well
as a 10 % increase in NOX reduction at the same condition (Figure 5.6c-i), relative
to the conversion rates achieved without additional H2 . The general trend in CO
and THC oxidation of increased conversion rates at only low brick temperatures and
low H2 addition levels is suggestive of an influence of H2 on reaction rates through
stoichiometry, in addition to energy release.
The results in Figure 5.6a-ii to Figure 5.6c-ii at the WLTC condition show a
less distinct impact of hydrogen addition on the conversion efficiency of CO, THC
and NOX , potentially caused by the higher space velocity of the exhaust gas at the
WLTC condition, leading to a reduced residence time of the gaseous species inside
the TWC-CR. The addition of H2 did not significantly increase CO conversion rates
(Figure 5.6a-ii), it instead decreased the reactions rates with H2 addition levels of
2500 ppm and brick temperatures above 500 °C, reducing the CO conversion rate
by around 10 % above a brick temperature of 500 °C. Similar observations were
made with the THC conversion rates in Figure 5.6b-ii, where H2 addition levels
above 1500 ppm resulted in a decrease of the conversion rate of more than 10 % at
mean brick temperatures above 400 °C. As might be expected, the NOX reduction
efficiency in Figure 5.6c-ii showed a continuous increase with increasing H2 levels, a
trend which decreased with increasing brick temperature.
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Figure 5.6: Effect of increasing H2 addition levels on the conversion rate of (a) CO,
(b) THC and (c) NOX for constant mean TWC-CR brick temperatures
at the (i) Low-Speed and (ii) WLTC test condition
For a better understanding of the exhaust composition entering the catalyst
after H2 addition, the lambda values were calculated based on the measured exhaust
species and known H2 addition levels. Previous studies have used secondary air
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injection into the exhaust flow to create an oxygen-rich environment for H2 oxidation,
or the combustion of other HC molecules, for a faster catalyst light-off (Heimrich
and Andrews, 2000; Marsh et al., 2000; Murphy et al., 1999). Throughout this
work hydrogen was injected into the untreated stoichiometric exhaust environment
and became an additional competitor for the oxygen available; thus, the additional
H2 resulted in an AFR shift of the exhaust gas entering the TWC. The different
methods used to calculate the lambda based on the measured exhaust composition
are explained in Chapter 3. The calculated lambda values based on Equation 3.7 and
the averaged engine-out emissions (see Figure 5.2) for both test conditions utilised
are summarised in Table 5.3, showing the calculated lambda values with different
levels of H2 addition for the Low-Speed and WLTC test condition and the percentage
change in lambda with increasing H2 addition levels, compared to the calculated
lambda value without hydrogen.
Table 5.3: Calculated lambda values based on the average engine-out emissions for
the Low-Speed and WLTC test condition (Equation 3.7) and the difference
in per cent to no H2 addition
Low-Speed

WLTC

calc. lambda

∆λ

calc. lambda

∆λ

[-]

[%]

[-]

[%]

0 ppm

1.001

-

0 ppm

0.998

-

500 ppm

1.000

0.13

500 ppm

0.997

0.14

1000 ppm

0.998

0.25

1500 ppm

0.994

0.40

2000 ppm

0.996

0.51

2500 ppm

0.991

0.67

4000 ppm

0.991

1.01

-

-

-

8000 ppm

0.981

2.01

-

-

-

H2

H2

Table 5.3 shows that the addition of H2 resulted in a shift in lambda towards a
rich regime, though addition levels of up to 2500 ppm reduced the actual lambda
value of exhaust gases entering the TWC by less than 1 %. However, the significant
changes in CO and THC conversion rates with H2 addition levels of 4000 ppm
and 8000 ppm in Figure 5.5 and Figure 5.6 might be explained by the change of
exhaust lambda entering the TWC. The additional hydrogen increases the competition for available oxygen and oxidation promoting active sites; consequently, the
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conversion rates of CO and THC decrease with increasing H2 levels, while the NOX
reduction efficiency is peaking due to the high demand in the NOX bound oxygen.
It is suggested that the conversion of THC is most detrimentally affected by the
increasingly rich exhaust as H2 and CO oxidation are likely to occur in fewer steps
and more quickly than that of THC, which requires the breakdown of more complex
molecules. It can also be seen from Table 5.3 that for the WLTC condition the
change in lambda with increasing H2 addition would have been insufficient to shift
the lambda perturbation range of 2.5 % to less than one throughout and cause a
reduction in efficiency through prolonged depletion of the oxygen storage of the TWC.
The increased conversion efficiency with low level hydrogen addition measured at
equivalent brick temperatures indicated that hydrogen potentially has an additional
effect on conversion rates other than only the benefits of faster light-off gained
through the highly exothermic hydrogen oxidation (Figure 5.6 (i) Low-Speed). To
investigate whether the increased conversion efficiency might be solely attributed
to an increase in temperature from the oxidation of the H2 added at three addition
levels (500 ppm, 1500 ppm and 2500 ppm), an estimation of the temperature was
performed assuming complete H2 oxidation at a pre TWC temperature of 300 °C.
The actual conversion rates achieved at these H2 addition levels (at 300 °C) were
then compared to the conversion rates at the calculated pre TWC temperatures,
without H2 addition. The calculation resulted in an adiabatic temperature rise
through H2 addition of 3 °C, 7 °C and 11 °C, which are the temperature values
used as a comparison. The described adiabatic temperature calculation at 300 °C
is attached in Appendix A (Table A.3 and Table A.4). Figure 5.7 summarises the
calculation results, comparing the conversion efficiency of CO, THC and NOX at the
three elevated temperature points (303 °C, 307 °C, 311 °C), in the absence of H2
addition, with the conversion rate at 300 °C with different levels of H2 added.
It can be seen from Figure 5.7 that for all H2 addition levels, extra H2 resulted
in a higher conversion efficiency at 300 °C than if the inlet temperature had been
increased by the same margin. The conversion rate increased for CO and NOX from
6 % and 11 % at 300 °C to 21 % and 18 % respectively at 311 °C, while the addition
of 2500 ppm H2 at 300 °C raised the conversion efficiency to 26 % and 34 %. The
THC conversion was the least affected species in that temperature region, potentially
because the THC light-off for the TWC-CR occurs at around 350 °C; therefore, low
conversion rates were observed at 300 °C. Nevertheless, an approximately 4 % THC
increase was found with 500 ppm of H2 added, while no distinct change was visible at
the respective elevated temperature. At 1500 ppm the CO and NOX conversion rate
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Figure 5.7: Comparison of conversion rate based on calculated adiabatic temperature
increase and actual H2 addition at 300 °C
increased by 7 % and 8 % respectively, which shows, as previously discussed, that less
than 2500 ppm of H2 added had the highest overall benefit for the TWC performance.
Further measurements of gaseous exhaust components were performed for additional insight into the effects of hydrogen addition into a stoichiometric exhaust
environment. Figure 5.8 shows engine-out hydrogen levels, as well as downstream
TWC-CR levels for different H2 addition levels over 250 s after engine start.
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Figure 5.8: H2 levels up- & downstream of TWC-CR for the first 250 s after engine
start at WLTC condition
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It is apparent in Figure 5.8 that for all H2 addition levels, and without, hydrogen
reached almost complete conversion between 100 and 120 seconds after engine start
and a 50 % conversion efficiency significantly before 100 s after engine-start; for CO
and NOX this occurred after roughly 90 s with 2500 ppm of H2 added and later at
other conditions (Figure 5.4b). Figure 5.8 indicates that prior to the light-off of the
gaseous pollutant conversion reactions, which all occur after more than 100 s without
H2 added, significantly higher amounts of H2 are oxidised over the TWC.
The oxygen conversion rates over the same time frame shown in Figure 5.9
indicate a steady decrease in light-off time with increasing H2 addition levels, which
strengthens the observation made in Figure 5.8 that most of the H2 , independently
of extra H2 addition to the exhaust, was oxidised before the light-off for CO and
THC oxidation was reached. The Time50% for O2 after engine start was reduced
by 9 s, 13 s and 23 s with the addition of 500 ppm, 1500 ppm and 2500 ppm H2
respectively, compared to the baseline without the addition of H2 .
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Figure 5.9: Oxygen conversion rates with different H2 addition levels over the TWCCR for the first 250 s after engine start at the WLTC condition
Furthermore, an interesting observation in Figure 5.8 is that despite the high
reactivity of hydrogen, when additional hydrogen was added to the exhaust, the post
converter levels started to increase again after reaching a minimum before stabilising
once more. This indicates that levels of hydrogen higher than the equilibrium H2
engine-out levels can be oxidised ahead of the other gaseous species, which can have a
beneficial effect in providing exothermal energy to improve the light-off performance.
However, after reaching the maximum H2 conversion efficiency, coinciding with the
light-off of the other gaseous pollutants, the H2 downstream TWC levels started
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to increase again, an effect not observed with any of the other investigated species
downstream of the TWC. Furthermore, it is also noteworthy in Figure 5.8 that the
maximum values of H2 measured downstream of the converter exceeded the amounts
added upstream of the TWC which might be attributed to H2 production by the
WGS reaction inside the TWC.
From Figure 5.5a, b and Figure 5.6a, b can be seen that different levels of hydrogen
added to the exhaust showed a reduction in the light-off temperature for CO and
THC oxidation over a Pd/Rh/Pt-doped TWC-CR. A more detailed investigation
into the actual surface activities in a TWC washcoat would be necessary to draw
conclusions about any potential relation of this observation to trends previously
reported in oxygen-rich exhaust environments (Katare and Laing, 2009; Salomons
et al., 2006), where small levels of H2 resulted in the most significant effect on the
light-off performance of oxidation catalysts and was not solely attributable to the
exothermic gain through H2 oxidation. However, this positive effect of H2 addition
on light-off time and temperature could potentially be beneficial in reaching TWC
light-off quicker after engine start and reduce cumulative tailpipe emissions over
legislated drive cycles (Heimrich and Andrews, 2000; Marsh et al., 2000).
It is tentatively suggested that the significant improvement in NOX reduction
(Figure 5.5c and Figure 5.6c) is potentially caused by H2 acting as a direct reductant
of NOX , as well as indirectly through increased competition for available oxygen
and thus promoting the reduction of NOX by CO and THC. Additional surface
studies would be necessary to investigate potential H2 addition effects which were
observed in oxygen-rich after-treatment devices, such as surface-adsorbed hydrogen
leading to an acceleration in dissociative adsorption of NO causing the improvement
of low temperature conversion rates (Burch and Coleman, 2002, 1999). In a TWC
environment, the observed low temperature improvements might be the results
of NOX conversion to more harmful N2 O and NH3 , instead of N2 , which has been
reported over PGM catalysts, especially in rich low temperature environments around
250 °C, and which could be intensified by hydrogen addition as performed in this
study (DiGiulio et al., 2014).
The shift away from the equilibrium amounts of hydrogen already available in
gasoline engine exhaust potentially had similar effects as those reported in oxygenrich environments, where low level hydrogen addition had a significant beneficial
impact on the light-off temperature for both oxidation and reduction reactions. With
the commercial setup used in this work, no further surface analysis was possible for
a more detailed understanding of the hydrogen interaction on the catalytic surface.
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However, the low level addition of hydrogen into the exhaust stream, without a
secondary air injection, can be seen to have a beneficial effect in decreasing the
light-off time and temperature for the legislated gaseous species CO, THC and
NOX and therefore, reduce the amount of exhausted tailpipe pollutants before the
light-off temperature of the TWC is reached. However, precise calibration of H2
addition levels and injection patterns would be necessary to provide TWC light-off
performance benefits, without compromising the already high efficiency of the system
or cause durability issues, which would need to be investigated separately.

5.2.2

TWC-CR - Particulates - Low-Speed & WLTC condition

Figure 5.10 shows the total (a) particulate number (PN) and (b) particulate mass
(PM) concentration pre and post TWC for reference gasoline over the first 250 seconds
after engine start, with the error bars present showing the standard deviation
upstream of TWC-CR and each data point given the average measured over the
preceding 10 seconds.
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It can be observed in Figure 5.10a that the engine-out total PN concentration
8
levels stabilised at roughly 4.0x10 N/cc 250 s after engine start. The post TWC-CR
values in Figure 5.10a show the high efficiency of the TWC in reducing PN, decreasing
6
the engine-out levels by more than two orders of magnitude to below 4.0x10 N/cc,
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and increasing levels of H2 addition resulted in a further decrease in PN downstream
of TWC-CR. The highest level of H2 addition (2500 ppm) reduced the time required
for PN post TWC to a reach a minimum relative to the absence and lower levels of
H2 addition but did not achieve greater levels of reduction. These reduction levels
over a commercial TWC show similar trends as previously reported in the literature
(Bogarra et al., 2017; Cho et al., 2015; Costagliola et al., 2013; Whelan et al., 2013),
where a high efficiency of trapping and oxidising nucleation mode particles in a TWC
was observed.
The engine-out total PM concentration shown in Figure 5.10b stabilised after
-3
250 s of engine run time at roughly 6.0x10 µg/cc, and it can be observed that levels
-3
of total PM were reduced to below 1.0x10 µg/cc post TWC. With the majority of
PM attributable to larger accumulation mode particulates, the PM reduction across
the TWC for RGL was not as significant as the effect on the PN (Figure 5.10a),
pointing towards a more pronounced effect of the TWC on oxidising and trapping
nucleation mode particles (Bogarra et al., 2017; Cho et al., 2015; Costagliola et al.,
2013; Whelan et al., 2013).
As with the particulate number, increasing levels of H2 addition to the exhaust
stream showed a positive effect in decreasing the time to reach minimum PM levels.
This positive effect of hydrogen addition might potentially be attributed to the
heat introduced into the converter and increasing rates of particulate oxidation; this
advantage with H2 addition would be reduced with increasing brick temperature
leading to similar levels of total PN and PM concentration reached with and without
additional H2 following catalyst warm-up, as apparent in Figure 5.10a and 5.10b.
Additionally, it is noteworthy from Figure 5.10a that near steady post TWC PN
levels were reached ahead of the gaseous species light-off. Whelan et al. (2013)
suggested that the conversion of nucleation mode particles in a TWC might start at
temperatures below 100 °C, whereas a significant conversion of CO, THC and NOX
was not observed at TWC inlet temperatures lower than 250 °C.
Figure 5.11 shows the size distribution of particulate number and mass for the
first 360 s after engine start, and the effect of different levels of hydrogen added
upstream of the TWC-CR, with Figure 5.11a containing the engine-out particulate
matter split into 120 s intervals and respectively Figures 5.11b-d showing the tailpipe
particulate levels for each time interval. The error bars present in Figure 5.11a show
the standard deviation pre TWC and each data point shown is the average measured
for five consecutive tests.
It can be seen in Figure 5.11a that the particulate number, in comparison to
the particulate mass, showed almost no variation in the number and size of the
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after engine start
produced particulates with increasing engine run time. However, a clear reduction in
particulate mass was observed, decreasing the peak particulate mass from 0.056 µg/cc
to 0.014 µg/cc and 0.0092 µg/cc for the three time frames shown in Figure 5.11a with
an additional reduction in peak diameter of the measured particles. Figure 5.11b
shows that the TWC-CR, throughout the first 120 s after engine start, reduced the
PN and PM levels and the addition of H2 resulted in a further reduction as observed
in Figure 5.10. Furthermore, it can be seen in Figure 5.11b-d that the effect of
hydrogen addition on PN and PM reduced with increased engine run time, most
probably caused by increased brick temperatures resulting in a reduced effect of H2
addition. It is also noteworthy in Figure 5.11 that neither the TWC nor H2 added to
the exhaust stream affected the particle diameter of 17.78 nm at which the greatest
number of particles was found at the engine-out condition (Figure 5.11a), and which
did not vary for each of the three time intervals in Figure 5.11b-c.
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The particle diameter at which the greatest mass was emitted showed a trend in
Figure 5.11b related to the engine-out PM values for that interval, where the total
PM up- and downstream of the TWC peaked at a particle size between 154 nm
and 177.8 nm. However, the post TWC particulate mass size distribution did not
follow the same distinct reduction in time as observed pre TWC (Figure 5.11a). The
total PM peak particle diameter decreased to 74.99 nm at engine-out, while the
post TWC peak diameter only reduced to a size of roughly 133.3 nm. A potential
explanation is that while the TWC is able to trap and oxidise many of the smaller
sized nucleation mode particles (particle diameter < 50 nm), which is represented in
the high reduction of PN over the TWC, larger accumulation mode particles (particle
diameter > 50 nm) are oxidised in smaller quantities, which resulted in a smaller
reduction in particles of this size.

5.2.3

TWC-MF - Gaseous Species - Low-Speed condition

Figure 5.12 shows the effect of H2 addition on pre and mean TWC temperature with
varying H2 levels in the case of the metal-foil TWC-MF.
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Figure 5.12: Effect of H2 addition on the pre & mean TWC-MF temperature profiles
for 250 s after engine start (Low-Speed condition)
The pre catalyst temperatures in Figure 5.12 are almost exactly on top of each
other for the first 50 s after engine start, similar to the observations made with the
ceramic brick in Figure 5.3 at the same engine operating conditions (Low-Speed),
and start to drift apart thereafter, with higher temperatures reached with higher
levels of H2 added. A potential explanation might be that the metal-foil brick has a
lower specific heat capacity and a higher thermal conductivity than the ceramic brick
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(Reck (Emitec GmbH), 1995), and the thermocouple placed before the TWC inlet
possibly picked up heat radiating from the TWC back into the exhaust pipe from
the metal-foil TWC. Furthermore, the TWC-MF showed a slightly different trend
in mean TWC temperature (Figure 5.12) relative to TWC-CR, where increasing
levels of hydrogen had a beneficial effect on the mean brick temperature only up
to 2000 ppm, and higher levels of H2 did not improve the warm-up process of the
TWC any further. The mean TWC-MF temperature 100 seconds after engine start
increased by roughly 82 °C with the addition of 2000 ppm H2 , and a mean TWC
temperature of 350 °C was reached 37 seconds faster in comparison to the baseline
exhaust composition without H2 addition.
The decreasing effect with increasing H2 levels on the mean brick temperature
might be due to the TWC not being sufficiently insulated and the lower specific heat
capacity and the higher thermal conductivity of the metal-foil brick in comparison
to the ceramic brick, resulting in more heat being lost through radiation to the
significantly colder laboratory environment, an effect which would become more
pronounced at the higher brick temperatures which coincide with higher H2 addition
levels.
Figure 5.13 summarises the results for the TWC-MF with increasing levels of H2
addition in terms of time necessary to reach a 50 % conversion rate for CO, THC
and NOX (Time50% ), as well as the light-off temperature (Temp50% ) for the three
legislated gaseous pollutants.
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Figure 5.13: Effect of H2 addition on Time50% after engine start and Temp50% upstream of the TWC-MF for CO, THC and NOX conversion rates (LowSpeed condition)
173

5.2 Results and Discussion - Light-Off
The overall trend shown in Figure 5.13 is consistent with the results discussed in
relation to the TWC-CR in Section 5.2.1 with an almost linear improvement of NOX
conversion rates with increasing H2 levels and a decreasing effect with higher H2
addition for the oxidation reactions. The time to reach 50 % CO conversion and the
light-off temperature with the TWC-MF decreased by 45 s and 26 °C respectively
with 1000 ppm of H2 added, which was only reduced by another 15 s and 6 °C with
the fourfold amount of H2 added (Figure 5.13). As observed with the ceramic TWC
in Section 5.2.1, the beneficial H2 addition effect for oxidation reactions diminished
with H2 addition above 2000 ppm, and after surpassing that threshold the additional
H2 became counterproductive and resulted in a distinct reduction in maximum
conversion rate and altered conversion rate gradient for the THC conversion.
The THC oxidation dropped after 250 s from a peak of 85 % conversion rate with
2000 ppm H2 added to 73 % with 4000 ppm and below 50 % with the addition of
8000 ppm H2 . The CO conversion after 250 s decreased by more than 30 % with
8000 ppm of H2 added, in comparison to around 95 % oxidation with a H2 level
of 1000 ppm (detailed plots attached in Appendix A, Figure A.4). The light-off
temperature for CO and THC oxidation showed the overall best performance with
an addition of 2000 ppm H2 (Figure 5.13), which resulted in a light-off temperature
improvement of 40 °C and 34 °C for both reactions respectively, without compromising
the maximum conversion efficiency at an TWC inlet temperature of 400 °C. Further
hydrogen introduction resulted in a considerable reduction in light-off temperature
but a fast decrease in achievable maximum conversion rate. As for the ceramic TWC
in Figure 5.4, no negative effects with increasing levels of hydrogen addition were
observed with the NOX reduction, increasing levels of H2 continuously decreased
the light-off time and temperature and resulted in a 50 % NOX reduction of 81 s
and 76 °C with the H2 addition of 8000 ppm in comparison to the baseline exhaust
composition.
The conversion rates for CO, THX and NOX plotted at specific mean TWC-MF
temperatures over the different utilised H2 levels are shown Figure 5.14.
Figure 5.14 highlights very clearly the major effects of increasing H2 levels added
to the engine exhaust of a stoichiometric operated SI-engine on the TWC-MF. A
distinct reduction in oxidation rates for CO and THC with H2 levels above 4000 ppm
is apparent in Figure 5.14a and Figure 5.14b, as well as a drastically improved NOX
reduction efficiency with levels above 2000 ppm in Figure 5.14c. The examined
trends with the TWC-MF are in agreement with the findings of TWC-CR discussed
in Figure 5.6, with a decreased beneficial effect with increasing brick temperatures,
especially above a mean brick temperature of 450 °C, and an overall highest increase in
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Figure 5.14: Effect of increasing H2 addition levels on the conversion rate of (a) CO,
(b) THC and (c) NOX for constant mean TWC-MF brick temperatures
(Low-Speed condition)
conversion efficiency with H2 addition up to 2000 ppm and a mean brick temperature
below 400 °C.
The observed effects of hydrogen addition on the light-off performance of the
TWC-MF emphasised the trends discussed in connection with the TWC-CR in
Section 5.2.1. The low level of H2 addition to a stoichiometric exhaust environment
can have a beneficial effect on the light-off performance of a TWC and the reduction
in light-off temperature showed a more pronounced effect with the metal-foil catalyst
than the ceramic TWC. The faster light-off with increasing H2 levels is potentially
attributable to a quicker warming up process of the complete converter due to the
higher heat conductivity and a reduced wall thickness of the TWC-MF. However,
despite the larger volume of the metal-foil brick (CO Temp50% = 306 °C; THC
175

5.2 Results and Discussion - Light-Off
Temp50% = 352 °C; NOX Temp50% = 304 °C) (1.08 litre), a faster light-off for the
oxidation reactions was observed for the ceramic TWC (CO Temp50% = 303 °C; THC
Temp50% = 319 °C; NOX Temp50% = 320 °C) (0.61 litre) under baseline conditions,
and only a slightly slower light-off for NOX reduction, which might be an indication
for a higher PGM loading, and thus increased number of active sites inside the
washcoat of the ceramic brick to compensate for the lower brick volume.
The overall oxidation reaction trends with increasing levels of hydrogen addition
for the Rh/Pd metal-foil TWC-MF were similar to the observations made with the
ceramic Pd/Rh/Pt TWC-CR discussed in Section 5.2.1. However, the absolute
reduction in TWC-MF light-off temperature with increasing H2 levels, compared
to the baseline without H2 , was more pronounced than in the case of the ceramic
converter, but the gradient of increasing conversion efficiency was lower with the
TWC-MF and a later start of oxidation reactions without extra H2 was observed.
This might be explained by the presence of two oxidation promoting active sites
in the TWC-CR, platinum and palladium, instead of only palladium in the case of
TWC-MF, being able to start oxidation reactions at a lower catalyst temperature.
Both catalysts show a reduction in light-off temperature with H2 added to the
exhaust stream, however, addition levels above 2000 ppm resulted in a decrease of
peak conversion efficiency at fully warm catalyst condition, an effect which was more
pronounced for THC than for CO oxidation reactions.
The beneficial effects for CO and THC oxidation with H2 addition show similar
trends as observed in previous papers studying the effect of hydrogen on oxidation
reactions over noble metal catalysts in lean exhaust environments (Herreros et al.,
2014a; Salomons et al., 2009, 2006), though the positive impact on oxidation reactions
at low temperature is less pronounced. Furthermore, the commercial setup in this
works did not allow for an additional investigation in potential surface activities of
hydrogen, which was added to the already available H2 in stoichiometric SI engine
exhaust. Further surface studies would be necessary to distinguish if the additional
hydrogen has a positive effect on surface processes which could lead to an earlier
light-off through routes other than the energy introduced with the highly exothermic
hydrogen oxidation. The observed impact of low level H2 addition at low brick
temperatures might indicate that changing the equilibrated exhaust H2 levels has
similar effects as proposed by Salomons et al. (2009) in an oxygen-rich environment,
suggesting that the initial addition of hydrogen has the most significant effect on
CO oxidation as the adsorbed H2 can initiate CO desorption, against its strong
chemisorption state on noble metals, freeing up active sites for other reactions like
dissociative oxygen adsorption.
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An additional difference between the conversion characteristics of the metal-foil
and ceramic brick, especially in terms of NOX reduction, might be attributable to
platinum availability, which according to Hamada and Haneda (2012) shows the
highest reduction efficiency for nitrogen monoxide in the group of noble metals;
however, no further suggestions based on the TWC PGM loading and washcoat
composition are possible because the exact composition and loading of the TWC
are not known. In a lean exhaust environment (Burch and Coleman, 2002, 1999;
Hamada and Haneda, 2012), it was reported that the reduction process of NOX is
very sensitive to the washcoat composition and hydrogen level used, which is able
to switch the selectivity of the reaction from the desired N2 to species like N2 O or
NH3 . The data available in this study points mainly towards a shift of the NOX
reduction equilibrium with the additional H2 , which resulted in more demand for the
available oxygen in the NOX species and consequently, a direct connection between
H2 addition and NOX conversion. However, the improvement in NOX conversion
efficiency does not explain the significant improvement in conversion rates with low
levels of H2 at low brick temperatures, where the H2 acts as an additional competitor
to CO and THC oxidation.

5.2.4

TWC-VW - Gaseous Species & Particulates - WLTC
condition

A further set of experiments was performed with an additional ceramic three-way
catalyst taken from a Euro 6 certified Volkswagen Golf VII 1.0 litre TSI BlueMotion
which is further referred to as TWC-VW. The TWC-VW is certified to meet current
emission legislation on an engine with a similar engine displacement used in this
work, and the available TWC-VW data is summarised in the Section 5.1.2. The
experiments with the commercial TWC-VW were performed to examine the effect of
H2 addition at the WLTC engine condition in comparison to the smaller ceramic
TWC-CR, which resulted in a difference in space velocity through the converter due
to the higher brick volume. At the steady-state WLTC engine operation condition,
-1
-1
the GHSV for TWC-VW was 46.000 1/h , less than half the GHSV of 94.000 1/h
for TWC-CR.
The pre TWC temperature in Figure 5.15 for experiments undertaken with
TWC-VW displays the same repeatability as observed in Figure 5.3b with all profiles
falling almost perfectly on top of each other and where the temperature upstream
of the TWC reached 350 °C after roughly 117 s, which is inside a ± 2 °C range in
comparison to the temperature profile pre TWC in Figure 5.3b.
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Figure 5.15: Effect of H2 addition on the pre & mean TWC-VW temperature profiles
for 250 s after engine start (WLTC condition)
The mean brick temperature shows the effect of increasing levels of hydrogen on
the temperature profile inside the brick analogue to the results discussed in Section 5.2
(Figure 5.3b); however, the absolute effect of H2 addition on the mean temperature
is less pronounced than in Figure 5.3b. The mean TWC-VW temperature increased
from the baseline by 31 °C with 1500 ppm H2 added (125 s run time), a value
which only increased by 7 °C with another 1000 ppm of extra H2 , in comparison
to a 35 °C and 27 ° mean TWC temperature increase found in Figure 5.3b with
the same H2 addition levels (100 s run time). The slower warming up process with
the TWC-VW observed in Figure 5.15 compared to Figure 5.3b might be caused
by the larger volume of the brick, resulting in a higher thermal mass and therefore,
more energy necessary for the brick to warm up. The almost identical increase of the
mean temperature for approximately the first 50 s after engine start with various H2
addition levels, and up to 200 °C, and the divergence afterwards for the different H2
levels relative to 0 ppm H2 , indicates the additional exothermic energy introduced
by H2 oxidation.
Table 5.4 summarises the time to reach 50 % conversion rates and the light-off
temperatures for the three gaseous pollutants CO, THC and NOX , as well as for
the consumption of O2 over the TWC-VW when operating the engine on WLTC
test conditions, and Figure 5.16 shows the light-off curves for the individual gaseous
species (time based light-off plots are attached in Appendix A, Figure A.6) . The
grey coloured cells in Table 5.4 represent the lowest Time50% and Temp50% for the
conversion of each species.
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Table 5.4: Effect of H2 addition on reaching a 50 % conversion rate for CO, THC,
NOX and O2 based on time after engine start (Time50% ) and pre TWC
temperature (T50% ) - grey cells show lowest value in the respective column
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Figure 5.16: Effect of H2 addition on the TWC-VW light-off curves of (a) CO, (b)
THC, (c) NOX and (d) O2 for the WLTC test condition
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The reduction in light-off time (Time50% ) and light-off temperature (Temp50% )
for CO and THC oxidation shown in Table 5.4 are similar to the observations made
for the TWC-CR (Figure 5.5a-ii-c-ii). The largest decrease in Time50% with H2
addition, compared to the baseline, was 13 s and 5 s respectively for CO and THC
across the TWC-CR, in comparison to 13 s and 7 s respectively for the TWC-VW.
The addition of 2500 ppm H2 resulted in a reduction in CO light-off temperature
of 15 °C relative to the baseline with 0 ppm H2 , a decrease only 3 °C greater than
observed with the addition of 1500 ppm H2 . The reduction in CO Temp50% with the
TWC-CR (Figure 5.5a-ii) was of similar magnitude, with 1500 ppm of H2 decreasing
the light-off temperature by 10 °C and another 1000 ppm of H2 only resulted in a
further decrease of 2 °C.
Additionally, the H2 addition of 1500 ppm decreased the THC conversion trend
almost parallel to the baseline of 0 ppm and reduced the light-off temperature by 7 °C;
however, the introduction of higher levels of H2 (2500 ppm) decreased the gradient of
increasing conversion efficiency following light-off and became counterproductive for
THC oxidation, consistent with the observations made for TWC-CR in Figure 5.5b-ii.
Additionally to the values given in Table 5.4, Figure 5.16a and b show the decrease
in maximum conversion rate achieved for CO and THC oxidation with 2500 ppm of
H2 added; thus, the reduction was not as pronounced as reported in Figure 5.5 for
the TWC-CR. It is also noteworthy in Figure 5.16a that the H2 addition had a more
significant impact on the low temperature conversion efficiency of CO (below 50 %)
for the TWC-VW than the TWC-CR, resulting in a 20 % CO conversion rate 28 °C
earlier with 2500 ppm of H2 added (TWC-VW), while the same conversion efficiency
was reached only 15 °C earlier with the TWC-CR (Figure 5.5a-ii), compared to the
baseline without H2 addition.
The light-off values for NOX reduction in Table 5.4 showed similar trends as
observed when examining the TWC-CR (Figure 5.5c-ii), where increasing H2 addition
levels resulted in a significant decrease in light-off temperature and also distinctly
improved the NOX reduction at low pre TWC temperatures between 250 °C and
300 °C (Figure 5.16c). The addition of 2500 ppm hydrogen decreased the light-off
temperature by 45 °C and increased the conversion rate at 300 °C by 32 % without
having a negative effect on the maximum conversion efficiency. In comparison to
the NOX reduction of TWC-CR (Figure 5.5c-ii), the TWC-VW showed a larger
decrease of Temp50% and a higher increase of low temperature conversion efficiency
with increasing H2 addition levels; however, the shape of the baseline NOX conversion
rates already differed significantly between the TWC-CR and TWC-VW and the
initial offset persisted with the different H2 levels.
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The O2 conversion rate in Figure 5.16d shows the amount of oxygen consumed
for the three levels of H2 added, resulting in 50 % of the available O2 being consumed
at 330 °C, 319 °C and 308 °C for 500 ppm, 1500 ppm and 2500 ppm respectively, in
comparison to 336 °C without additional hydrogen in the exhaust. The TWC-CR
showed a similar decrease of 26 °C in light-off temperature to consume 2500 ppm of
additional H2 compared to the baseline without extra H2 (Figure A.5).
Furthermore, the higher speed WLTC test condition overall showed a less pronounced impact of H2 addition on the conversion rates of the utilised catalysts
(TWC-CR, TWC-VW) than observed with the Low-Speed test condition (TWC-CR,
TWC-MF). This might be explained on the basis of the lower space velocity through
the TWC at lower engine speed leading to increased residence time in the catalyst
and consequently, a higher overall conversion efficiency. It is also noteworthy that
despite the significant difference in catalyst volume between both ceramic bricks
(0.61 L <–> 1.25 L), the smaller TWC-CR displayed performance equivalent to that
of the larger TWC-VW brick. However, it must be noted that the lack of background
knowledge about the actual washcoat and PGM loading for both commercial ceramic
catalysts limits potential explanations of the observed trends, and no ECU map
adjustment was performed to individually improve the TWC efficiency, which can
play a significant role in the conversion performance of a catalyst (Hagelüken, 2016).
Figure 5.17 shows the hydrogen levels pre and post TWC-VW, as well as the
consumption of O2 , across the TWC for the first 250 s after engine start.
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Hydrogen levels, in comparison to oxygen measurements, are presented in absolute
values due to consecutive up- and downstream measurements with the same H2 massspectrometer. The hydrogen levels in Figure 5.17a follow the same trend observed in
Figure 5.8, where independently of the amount of H2 added to the exhaust stream,
the hydrogen levels downstream of the TWC reached close to complete conversion
before starting to increase again after roughly 135 s. The addition of H2 into the
exhaust stream showed a larger percentage increase in the conversion efficiency of
the considered exhaust species than the percentage change in temperature. The
H2 addition of 1500 ppm raised the mean brick temperature by only 15 °C after
100 s from 257 °C to 272 °C (Figure 5.15), however, increased the CO, THC and
NOX conversion efficiency by a 33 %, 10 % and 31 % respectively (see Figure A.6
attached in Appendix A). The 29 % increase in O2 conversion rate shown in Figure
5.17b with 1500 ppm of H2 after 100 s of engine operation time, compared to the
baseline without extra H2 , visualises the significant increase in oxygen consumption
across the TWC with H2 addition, which increased the conversion efficiency of the
legislated species, including the oxidation of H2 .
Figure 5.18 shows the total (a) particulate number and (b) particulate mass
concentration pre and post TWC-VW over the first 250 seconds after engine start,
with the error bars present showing the standard deviation pre TWC and each data
point shown the average measured over the preceding 10 seconds.

3
2
1
0
50

6

3

2

4

1

2
100

0

150

200

0
250

8

107
5

4

6

4

3

4

3

2

2
1

0
0

50

Time [s]

0 (a)

10-3
5

100

150

Time [s]

50

100

150

Time [s]

200(b)

200

0
250

2

1

Total PM [ g/cc] (post TWC)

4

4

10

10

2500 ppm

-3

Total PN [N/cc] (post-TWC)

5

108

1500 ppm

7

Total PN [N/cc] (post TWC)

Total PN [N/cc] (pre TWC)

6

0

500 ppm
10
5

Total PN [N/cc] (pre-TWC)

10

7

0 ppm

Total PM [ g/cc] (pre TWC)

pre TWC
8

0
250
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The post TWC-VW PN concentration shown in Figure 5.18a underlines the high
efficiency of a TWC in reducing PN as observed in Figure 5.10a, decreasing the
8
engine-out levels by a two orders of magnitude from roughly 4.0x10 N/cc to below
6
2.0x10 N/cc, while increasing levels of H2 added to the exhaust stream resulted
in a faster decrease in PN concentration downstream of the TWC. The highest
level of H2 addition (2500 ppm) significantly reduced the time required to reach a
minimum PN post TWC compared to lower levels added, or the absence of extra
H2 , but did not achieve a higher absolute PN concentration reduction. The PM
concentration reduction across the TWC-VW was not as significant as the effect on
-3
-3
the PN (Figure 5.18a), a PM reduction from 6.0x10 µg/cc to below 1.0x10 µg/cc
post TWC was observed, similar to the observations made with the TWC-CR in
Figure 5.10.
As previously mentioned in the literature (Bogarra et al., 2017; Cho et al., 2015;
Costagliola et al., 2013; Whelan et al., 2013), the TWC has a more significant
effect on oxidising and trapping smaller nucleation mode particles, with their higher
representation in the number of particles rather than the mass of those particles,
which is mainly driven by larger accumulation mode particulates. The findings
in this work are in accordance with the literature, where a larger decrease in PN
than in PM concentration across the TWC was observed. However, increasing
levels of H2 added to the exhaust stream had no effect on decreasing the time to
reach minimum PM concentration levels, in contrast to the time reduction seen in
Figure 5.10. Furthermore, minimum levels of PN and PM downstream of the TWC
were reached significantly ahead of light-off for gaseous species, which strengthens
observations made in previous studies that oxidising or trapping of nucleation mode
particle across a TWC might start at temperatures below 100 °C (Whelan et al., 2013).
Figure 5.19 shows the size distribution for the total number, as well as the total
mass of particles, upstream (Figure 5.19a) and downstream (Figure 5.19b-d) of the
TWC-VW with increasing levels of H2 added to the exhaust stream, averaged for the
first three 120 s intervals after engine start. The engine-out particle size distribution
in Figure 5.19a is included as in Figure 5.11a for an easier comparison of pre and
post TWC levels.
Figure 5.19 shows overall a similar trend for the total PN as examined in Figure 5.11, where the TWC reduced the maximum number of particles in a specific
size range while having an inferior impact on the specific size of the particles. The
diameter of the peak particle number remained unchanged at roughly 17.78 nm
across the converter for all time intervals. It is though noteworthy that after the
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significant reduction of PN at its peak diameter between the first 120 s (Figure 5.19b)
of the test and the second 120 s (Figure 5.19c), at a particle size below 20 nm a
6
further reduction of 1.0x10 N/cc can be observed in the third 120 s after engine start
(Figure 5.19d); however, almost no change in PN was found between test intervals two
and three in the particle diameter range above 50 nm. This trend further highlights
the high efficiency of the TWC in reducing nucleation mode particles (Ø < 50nm),
despite not having a distinct effect on larger sized particles.
In terms of PM, Figure 5.19 shows the same characteristics discussed in Figure 5.11
with a less pronounced effect of the TWC in reducing the PM and no clear effect on
the size distribution of the PM, which is mostly represented by larger sized particles
and therefore, less likely to be oxidised or trapped across a TWC. The addition of
hydrogen into the exhaust stream resulted in a slight reduction of the PN, similar
to the observations made in Figure 5.11, tentatively suggested to arise through
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accelerated particle oxidation through the exothermic energy introduced into the
system with H2 oxidation. The effect of H2 on the PM, in contrast to Figure 5.11,
increased the peak total mass measured post TWC for all three time intervals after
engine start (Figure 5.19b-d).

5.3

Results and Discussion - Steady-State

This section discusses the effect of different levels of hydrogen added into the exhaust
stream on the steady-state conversion performance of gaseous exhaust species with
different warmed up three-way catalysts. TWC-CR and TWC-MF were investigated
with increasing levels of H2 and a varying engine operation lambda as the main
variable. Additional experiments were performed at a close to stoichiometric exhaust
composition comparing the two ceramic catalysts TWC-CR and TWC-VW.

5.3.1

Steady-State - Low-Speed condition

Figure 5.20 shows the temperature profiles of the two three-way catalysts (TWC-CR –
Figure 5.20a, TWC-MF – Figure 5.20b) measured during lambda-sweep experiments,
which were performed as outlined in Chapter 4.
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Figure 5.20: Hydrogen effect on the pre & mean TWC temperature for changing
lambda values upstream of the TWC (a) TWC-CR and (b) TWC-MF
Figure 5.20 displays the temperature profiles for the thermocouple upstream
of the TWC before the exhaust gas enters the brick (pre TWC) and the mean
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temperature profile for the entire catalytic brick (mean TWC). The experiments
were conducted at a steady-state engine operation point resulting in an exhaust
inlet temperature of roughly 400 °C upstream of the TWC and a space velocity
-1
-1
of 77,000 h and 45,000 h respectively for TWC-CR and TWC-MF. It can be
seen from Figure 5.20a that at the warmed-up steady-state condition the addition
of hydrogen shifted the maximum temperature reached towards a leaner exhaust
composition. The peak mean temperature increased from 560 °C and 585 °C around
lambda 1 without H2 added to 651 °C and 663 °C with the addition of 8000 ppm
at lambda 1.05 respectively for both catalysts in Figure 5.20. Due to the lack of
available oxygen in a rich exhaust environment, additional hydrogen showed almost
no effect on the mean temperature inside the brick.
However, with lambda values above one and an excess of oxygen, hydrogen
oxidation resulted in a distinct increase in the temperature inside the TWC. The
small divergence in the pre TWC temperature with the addition of 8000 ppm of H2
is possibly caused by thermal radiation of the ceramic brick picked up by the thermocouple placed upstream of the TWC. The thermal radiation was significantly stronger
with the TWC-MF, which possibly caused the increased temperatures upstream of
the TWC for all lambda addition levels despite identical engine operating conditions.
The placement of the thermocouple as described in Chapter 3 was potentially in a
range close enough to detect the thermal radiation of the TWC, which was higher
for the metal-foil catalyst due to its lower thermal heat capacity and higher heat
conductivity. However, both catalysts showed a very similar thermal effect with the
addition of different levels of H2 into varying exhaust compositions.
The conversion rates for the three pollutants CO, THC and NOX displayed in
Figure 5.21 show that the peak temperature coincides with the peak conversion
rates over the TWC. Higher turnover rates on the catalytic surface are equivalent
to a higher amount of energy released, which is reflected in the temperature profile
displayed in Figure 5.20. Figure 5.21a-i, a-ii and Figure 5.21b-i, b-ii show decreasing
steady-state CO and THC oxidation rates for both TWC’s with increasing amounts
of hydrogen introduced during rich engine operation (lambda values smaller than
1.0).
The conversion rate of CO displayed in Figure 5.21a-i (TWC-CR) decreased from
54 %, in the absence of additional hydrogen, to 22 % with 8000 ppm of H2 added at
a lambda value of 0.95 and in the case of THC oxidation, the efficiency reduced from
16 % to close to zero (Figure 5.21b-i). The TWC-MF showed a similar reduction
in CO and THC conversion efficiency with increasing H2 addition levels. The CO
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(Figure 5.21a-ii) and THC (Figure 5.21b-ii) conversion decreased to 13 % and 12 %
respectively with 8000 ppm of H2 added, down from 46 % and 34 % without extra
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H2 at the lambda value of 0.95. As might be expected, the NOX conversions rates,
shown in Figure 5.21c-i and c-ii, presented an opposing trend and maintained NOX
reduction rates of around 95 % throughout the rich exhaust regime. During rich
engine operations, the results in Figure 5.21 might be explained on the basis that the
hydrogen introduced into the exhaust stream reacted ahead of CO and THC with the
scarcely available oxygen in the exhaust, leading to a distinct reduction of conversion
rates for both oxidation reactions due to the absence of O2 . The remaining CO and
THC species are consequently competing for the available oxygen which is bound in
nitrogen oxide molecules, which keeps the conversion efficiency of NOX reduction
reaction high. Furthermore, H2 possibly also acts as a direct reductant of NOX via
the reduction reaction described in Equation 2.15 (Brinkmeier, 2006).
During lean engine operation (lambda > 1.0), with an excess of oxygen in the
exhaust stream, the level of hydrogen introduced defined the position at which the
conversion rate for all three legislated gaseous species (Figure 5.21), and the mean
temperature (5.20) inside the brick, peaked. Increasing levels of H2 added to the
exhaust stream shifted the cross-over of oxidation and reduction reactions towards a
leaner exhaust environment. 8000 ppm of H2 added upstream of the TWC-CR and
TWC-VW moved the maximum NOX conversion rate of roughly 97 %, at a close to
stoichiometric lambda value without extra H2 addition, to a lambda value of 1.05
(Figure 5.21c-i and c-ii), before NOX conversion efficiency started to decrease and
the oxidation rates peaked. It can be seen therefore that the addition of 8000 ppm
hydrogen allowed the engine to be operated roughly 5 % leaner while still achieving
a maximum conversion efficiency with the TWC. However, no increase in maximum
conversion rates was observed with hydrogen addition; rather the extra hydrogen
molecules shifted the conversion equilibrium of the oxidation and reduction reactions
and the peak conversion efficiency to a leaner engine operation point.
The addition of H2 to the exhaust stream introduced an additional combustible
species into the gas mixture, and because of no further adjustment in the level of
oxygen available, the calculated lambda shifted towards a lower value and became
richer. For a better understanding of the exhaust composition entering the TWC
after H2 addition and the magnitude of change in lambda, the lambda value was
calculated based on the measured exhaust species and the additional H2 levels. The
different methods used for the lambda calculation are described in Chapter 3.
Figure 5.22 shows the ECU lambda setpoint and the measured pre TWC lambda
together with the calculated lambda values corrected for the additional H2 added
into the exhaust stream.
188

5.3 Results and Discussion - Steady-State

calc. Lambda BM [-]

1.05

1.00
ECU setpoint
pre TWC
calc. 0 ppm
calc. 500 ppm
calc. 1000 ppm
calc. 2000 ppm
calc. 4000 ppm
calc. 8000 ppm

0.95

0.90
0.95

1.00
Lambda [-]

1.05

Figure 5.22: Measured engine-out lambda plotted against calculated lambda values
(according to Brinkmeier (2006) with different H2 addition levels
It can be seen in Figure 5.22 that the calculated lambda values around a close to
stoichiometric exhaust composition showed a good correlation with the measured pre
TWC values, with a more distinct discrepancy in calculated lambda values towards a
rich regime than a lean regime without H2 added. This may be caused by the limited
amount of measured exhaust species, especially in a rich exhaust environment, where
the lack of hydrocarbon specificity with the FID measurement utilised (carbon atom
based), and the therefore necessary assumptions for the lambda calculation, resulted
in a higher inaccuracy with an increasing level of total hydrocarbon species available.
As might be anticipated, the addition of H2 shifted the lambda value towards a lower
value, resulting in a shift below 1 % with H2 addition levels of up to 2000 ppm at a
stoichiometric lambda, and reached a calculated lambda of 0.969 with the addition
of 8000 ppm H2 .
Figure 5.23 shows the temperature profiles and Figure 5.24 the CO-NOX crossover conversion rates plotted against the calculated lambda (adjusted for the specific
amount of additional hydrogen) to further examine the impact of the actual exhaust
lambda entering the TWC.
The temperature profiles (pre TWC) upstream of both catalysts in Figure 5.23
show no distinct differences as compared to the results discussed in Figure 5.20,
other than the calculated shift of lambda due to the consideration of H2 . However,
the peak of the mean TWC temperature profile for TWC-CR (Figure 5.23a) and
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Figure 5.24: Hydrogen effect on the cross-over point of CO and NOX conversion
rates for changing calculated lambda values upstream of the TWC; (a)
TWC-CR – (b) TWC-MF, corrected for H2 addition levels
TWC-VW (Figure 5.23b) collapsed for H2 levels up to 4000 ppm in the lambda
range of 0.99 to 1.00, compared to a wider lambda range for the maximum mean
catalyst temperature without the recalculated H2 adjusted lambda in Figure 5.20.
The significant decrease in calculated lambda with the increase of H2 addition levels
from 4000 ppm to 8000 ppm (Figure 5.22) resulted in the distinct change of the
mean temperature trend with 8000 ppm of H2 over the investigated lambda range,
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shifting the peak temperature from a lambda value of 1.05 for both TWC’s to 1.02
and 1.03 with TWC-CR and TWC-VW respectively.
In contrast to Figure 5.20 and 5.21, it can be seen from Figure 5.23 and 5.24
that the peak temperature and therefore, the peak conversion efficiency for both
catalytic converters converged and subsequently decreased at lambda one with H2
addition levels between 2000 ppm and 4000 ppm. The cross-over points for the
oxidation of CO and the reduction of NOX remained at a peak value slightly on the
rich side of lambda one. The addition of 4000 ppm H2 indicated a shift towards
a leaner cross-over point, a trend which was clearly visible with 8000 ppm of H2 ,
where the cross-over point shifted to a lambda of 1.025 and 1.045 respectively for
TWC-CR and TWC-MF, including a conversion rate reduction of more than 10 %
for both conversion paths at the respective lambda values. The decrease in maximum
conversion efficiency might indicate that the level of hydrogen added to the exhaust
reached a critical level which resulted in a decrease in CO-NOX cross-over efficiency,
potentially due to limited availability of sufficient active sites to maintain the high
efficiency for both reaction paths with the preferentially oxidised H2 present.
The temperature trends in Figure 5.23 support the findings in Figure 5.24 with
peak temperatures aligning with the cross-over points of both conversion reactions
and collapsing towards lambda one with increasing H2 addition levels. The addition
of hydrogen shifted the lambda of the exhaust composition entering the TWC to a
richer value, and therefore allowed for a leaner engine operation while maintaining
peak conversion efficiency across the TWC.

5.3.2

Steady-State - WLTC condition

The lambda sweep experiment was not performed at the WLTC test condition.
However, the impact of H2 added to the exhaust stream on the maximum conversion
efficiency of TWC-CR and TWC-VW was examined with the engine operating at
the conditions specified in Section 5.1.3. Figure 5.25 shows the conversion rates for
all gaseous species with different H2 levels added across TWC-CR. The conversion
rate with the TWC-VW showed very similar results and is not discussed further in
this section.
The catalyst setup had reached fully warm conditions with a temperature up-1
stream of the TWC-CR of 450.9 ± 1.1 °C, resulting in a GHSV of 94,000 h . It
can be observed from Figure 5.25 that the conversion efficiency for all oxidation
reactions dropped significantly with the introduction of increasing H2 levels. The
CO, THC and H2 conversion rate decreased by 25 %, 33 % and 44 % respectively
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-1
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with 2500 ppm of H2 added, in comparison to no extra H2 , while the NOX and O2
conversion stayed at almost complete conversion of 98 ± 0.5 % and 98 ± 0.3 %
respectively. The additional H2 potentially increased the oxygen demand in the
catalytic environment, which is represented in the shifted lambda values shown in
Table 5.3.
The exhaust composition shift towards rich resulted in high NOX and O2 conversion rates for all H2 addition levels. However, H2 also increased the competition for
the limited amount of available oxidation promoting active sites, and therefore, in
spite of the high temperatures inside the TWC, which increases diffusions rates, the
reaction rates for CO, THC and H2 decreased. The reduction in conversion rates
of all three oxidation reactions, while maintaining the same level of NOX and O2
conversion, might indicate that the additional H2 raises not only the competition but
also increases the rates of SR (Equation 2.16) and WGS (Equation 2.17) reactions,
which could partially explain the reduction. Additionally, CO2 levels downstream of
the TWC-CR reduced by 0.36 % with 2500 ppm added, which is directly connected
to the reduced conversion efficiency of CO and THC. An increased speciation of
the exhaust gas downstream of the TWC, including water levels, could help to
understand potential shifts in the elapsed reactions further.
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5.4

Summary

The effect of increasing levels (0 - 8000 ppm) of H2 addition upstream of a three-way
catalyst on the light-off and steady-state conversion performance was investigated for
the gaseous pollutants CO, THC and NOX , as well as the tailpipe H2 and particulate
levels. The study included two engine conditions and examined a state-of-the-art
ceramic TWC (TWC-CR) for all experiments, which was compared to a larger
metal-foil TWC (TWC-MF) and a commercial TWC (TWC-VW) removed from an
LDV with a lifetime of less than 200 km. The main conclusions of this investigation
are summarised below.
• Increasing levels of hydrogen added to the exhaust upstream of the TWC
reduced the necessary time to reach light-off for all legislated gaseous exhaust
species (CO, THC, NOX ), most probably due to the additional thermal energy
introduced through H2 oxidation. The Low-Speed condition showed a more
significant reduction in time to reach light-off than the faster engine speed
WLTC condition with the same TWC-CR, potentially attributable due to the
higher residence time inside the converter with lower engine speed. However, it
is noteworthy that the reduction in light-off time was most distinct with initial
low level H2 addition (up to 2000 ppm), and reduced with increasing levels of
H2 added, especially for the CO and THC oxidation reactions.
• The light-off temperature for CO and THC oxidation with the TWC-CR
decreased with increasing H2 levels up to approximately 2000 ppm, after
which no significant decrease in light-off temperatures was observed, and the
achievable conversion rates reduced considerably. The THC oxidation was more
affected than CO oxidation, potentially due to the higher number of reaction
steps necessary for the complete conversion to CO2 . The addition of low H2
levels at temperatures around 300 °C resulted in a more significant increase in
oxidation rates than anticipated with an equivalent increase in temperature,
despite the significant levels of H2 already present in the exhaust gas.
• The light-off temperature for NOX reduction decreased continuously for the
TWC-CR with increasing H2 addition levels, with a significant increase in low
temperature conversion rates between 200 °C and 300 °C also observed. This
was attributed to the introduction of H2 as an additional competitor for the
oxygen available in the exhaust stream, either as direct reducing species for
NOX or by increasing the availability of CO and THC as reduction species. The
significant improvement in the low temperature NOX conversion rate requires
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further investigation towards the selectivity of the reaction path to prevent the
formation of more harmful species like N2 O or NH3 .
• Hydrogen levels downstream of the TWC-CR decreased consistently to near
zero in a similar time frame, independently of the levels of H2 added upstream
of the catalyst, ahead of the light-off for the other gaseous conversion reactions.
However, the post TWC H2 levels increased again after a minimum, which
may be caused by the selectivity of the TWC towards converting the legislated
gaseous species.
• Hydrogen influence on the particulate number and mass concentrations downstream of the TWC-CR during the light-off period primarily manifested as a
reduction in the time to reach steady-state levels, which was attributed to the
additional temperature through H2 oxidation leading to a faster stabilisation.
Furthermore, H2 had a more significant impact on smaller nucleation mode
than accumulation mode particles, resulting in a more substantial reduction in
PN compared to PM concentrations.
• Comparable trends for CO, THC and NOX light-off with increasing H2 addition
levels were observed for the TWC-MF in comparison to the TWC-CR at the
Low-Speed condition. A more distinct thermal impact of hydrogen addition was
found with the TWC-MF, resulting in a faster warm up and a more significant
decrease in light-off time for the conversion reactions, attributed the smaller
wall thickness and lower heat capacity of the metal-foil compared to the ceramic
catalyst despite its larger volume.
• The larger ceramic TWC-VW showed equivalent light-off performance trends,
as well as H2 and particulate levels downstream of the catalyst, as discussed
for the TWC-CR, despite its increased volume, hence GHSV, and potentially
higher conversion capability. This suggests a more significant impact of the
actual H2 addition level than residence time inside the catalyst, potentially
caused by the conversion of H2 ahead of the other gaseous species in the first
half of the brick, independently of its actual size.
• Hydrogen showed no beneficial effect on increasing the maximum conversion
efficiency during steady-state experiments. An increase in H2 levels added to
the exhaust during lambda-sweep experiments enriched the exhaust lambda
upstream of the TWC due to the additional combustible species introduced and
shifted the conversion rates for all three investigated gaseous species towards
engine-out lambda values above λ = 1.
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Chapter 6
Impact of Oxygenated Fuel Blends
on Engine-Out Pollutant Levels
The development of oxygenated, biomass-derived molecules as potential drop-in
components for gasoline has gained increasing research attention in recent years as a
possible way to reduce the global CO2 footprint of the transportation sector (Awad
et al., 2018b; Leitner et al., 2017; Sarathy et al., 2018; Yanowitz et al., 2011). As
reviewed in Chapter 2, a variety of different oxygenated molecules can be produced
from biomass-feedstocks and McCormick et al. (2017) examined in a three-tier process
more than 350 different pure compounds based on their properties (e.g. boiling point,
toxicity, solubility) as potential gasoline drop-in fuels. Molecules were clustered
according to their functional groups, and amongst others, molecules out of the group
of alcohols, esters, ethers and ketones showed beneficial characteristics as gasoline
replacement components. In addition to molecules with straight carbon structures,
cyclic compounds producible from biomass-derived platform molecules like levulinic
acid, demonstrated a feasible combustion characteristic for further research effort as
a gasoline blending component (Leitner et al., 2017). The following chapter outlines
the impact of different oxygenated molecules blended with RON 95 reference gasoline
(RGL) at a 20/80 %wt/wt basis on the gaseous and particulate engine-out emissions
of the test engine, during start-up and at steady state.

6.1

Experimental Method

The following section outlines the engine and test conditions utilised, and the specific
fuel molecules used as RGL blending components.
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6.1.1

Apparatus

All experiments described in this chapter were conducted on the modified VW test
engine described in Chapter 3, utilising the simulation derived WLTC test condition
outlined in Chapter 4. The gaseous engine-out emissions CO, THC, NOX , CO2 , O2 ,
H2 , together with the particulate engine-out levels, for all fuel blends, were recorded.

6.1.2

Fuel Molecules Investigated

In total, 15 different oxygenated hydrocarbon molecules were tested as blending
components with RGL and were grouped either according to their straight carbon
chain length (C2 and C4 group) or on the basis of their potential production from
specific platform molecules (renewable group). The grouping according to carbon
chain length was based on the examination in the literature review pointing to
ethanol and butanol as the most researched blending molecules. Based on the main
C2 (ethanol) and C4 (butanol) carbon chain, the drop-in molecules were chosen as to
investigate the impact of the different functional groups on the gaseous and particulate
engine-out emissions by varying the oxygen bond type and position while keeping the
main straight carbon chain length constant. Furthermore, four oxygenated molecules
were chosen (renewable group) based on the increased research interest in blending
molecules derivable from non-edible biomass to investigate potential sustainable fossil
fuel alternatives. The intention was for the molecules to be close to the platform
molecules (Section 2.4.1), which can be easily produced from lignocellulosic biomass,
to reduce the necessary conversion steps from the biomass source to the final blending
molecule.
The defined functional groups were alcohols, aldehydes, ketones, ethers, esters and
carboxylic acids, with no ketone available for the C2 group of molecules. Furthermore,
due to the gaseous state at standard conditions of dimethyl ether, and therefore, a
complex utilisation procedure for DI engines, dimethyl ether was substituted with
diethyl ether throughout this work. The assay of all gasoline blending molecules
was equal or above 99 %, except for butyraldehyde, methyl butyrate, 2-methylfuran
and linalool with purities of 98 %, 96 %, 98 % and 96 % respectively. The pure
component liquids were obtained from a chemical supplier (Sigma Aldrich), except
for ethanol, which was procured via the UCL chemistry department.
Despite the possibility of investigating gaseous fuels, including hydrogen as a partial fuel replacement, throughout this study, only liquid fuels have been investigated.
Due the fact that the aim of the study was to investigate how a varying exhaust
composition, caused by different fuel blends, impact the conversion behaviour of a
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TWC, the necessary experimental adjustments for displacing consistent amounts of
gasoline with both liquid and gaseous fuels were not feasible and would likely have
introduced significant variations in the combustion process. Furthermore, except for
dimethyl ether, which was replaced by diethyl ether, all defined drop-in molecules
were in the liquid phase at standard conditions, which significantly simplified the
blending procedure in comparison to potential gaseous fuels. Therefore it was decided
to not further investigate potential gaseous fuels and limit this study to liquid fuels.
The molecular structure of each pure fuel blend component is given in 6.1 and
relevant properties are summarised in 6.2, together with the properties of RGL
and the in-text abbreviations. Further details regarding the properties of the final
oxygenated fuel blends, as well as the supplier RGL certificates, are attached in
Appendix F.
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Table 6.1: Structure and classification of the oxygenated fuel molecules
Classification

Alcohol

C2 group

C4 group

Ethanol

1-butanol

H H
H C C OH
H H

H H H H
H C C C C OH
H H H H

Acetaldehyde

Butyraldehyde

H
O
H C C
H
H

H H H
O
H C C C C
H
H H H

Aldehyde

2-butanone

Ether

Ester

Carboxylic acid

H H O H
H C C C C H
H H
H

-

Ketone

Diethyl ether

Methyl tert-butyl ether

H H
H H
H C C O C C H
H H
H H

CH3
H3C C O CH3
CH3

Methyl acetate

Methyl butyrate

H
H O
H C C O C H
H
H

H H H O
H
H C C C C O C H
H H H
H

Acetic acid

Butyric acid

H
O
H C C
OH
H

H H H
O
H C C C C
OH
H H H

Renewable group
2-methylfuran

O

2-methyltetrahydrofuran

O

CH3

γ-valerolactone

O

O

CH3

198

CH3

Linalool

HO

199

C2 group

C4 group

1

MF

BTA

MTHF

GVL

C4 H8 O2

Butyric acid

MBT

C5 H8 O2

C5 H10 O2

Methyl butyrate

MTBE

γ-valerolactone

C5 H12 O

Methyl tert-butyl ether

BUO

LNL

C4 H8 O

2-butanone

BYA

C10 H18 O

C4 H8 O

Butyraldehyde

BTN

Linalool

C4 H10 O

1-butanol

ATA

C5 H10 O

C2 H4 O2

Acetic acid

MAT

2-methyltetrahydrofuran

C3 H6 O2

Methyl acetate

DEE

C5 H6 O

C4 H10 O

Diethyl ether

ACA

ETH

RGL

2-methylfuran

C2 H4 O

C2 H6 O

Ethanol

Acetaldehyde

–

Molecular In-text
formula
use

Gasoline

Fuels

8.29

12.55

11.24

10.11

7.85

8.80

11.77

10.55

10.55

11.19

4.61

6.53

11.19

7.85

9.0

14.22

[–]

AFRst



1.8

1.6

2.0

1.2

2.0

2.0

2.4

2.0

2.0

2.5

2.0

2.0

2.5

2.0

3.0

1.73

[–]

H/C

31.96

10.37

18.57

19.49

36.32

31.33

18.15

22.19

22.19

21.59

53.29

43.19

21.59

36.32

34.73

0.92

[%]

Oxygen

100.117

154.253

86.134

88.102

88.106

102.133

88.150

72.107

72.107

74.123

60.052

74.079

74.123

44.053

46.069

–

[g/mol]

Molar

3

4

2
5

2
3

3

4

5
5

1

3

1
2
5

1
3
5

219

6

198

7

6
7
6

1.079

0.862-0.872

0.855

6

78

6

0.913

0.959

0.892

6

65

163

102

52

0.740

2

80

0.805

0.802

0.806

1.049

0.927

0.713

5

75

117

118

57

35

21

0.784

2

0.789

0.747

3

[kg/dm ]

at 20 °C

Density

1

78

–

[°C]

Tboil

2

2

6

6

24.2

–

6

32.8

31.2

–

26.1

2

34.9

1

2

31.4

31.6

3

33.1

–

19.3

2

33.9

4

3

24.2

25.5

–

[MJ/kg]

LHV

1

6

544

–

6

375

6

358

456

5

402

3

320

1

5

434

460

3

1

708

389

5

436

5

356

4

3

590

923

–

[kJ/kg]

∆vapH

99

96

99

98

99

96

99

99

98

99

99

99

99

99

99

–

[%]

Assay

2

3

 = calculated according to the description in Appendix F, = data from Awad et al. (2018b), = data from McCormick et al. (2017), = data from National Institute of Standards and Technology (NIST)
4
5
6
7
(2019), = data from Górski and Przedlacki (2014), = data from U.S. National Library of Medicine (2019), = data from Yanowitz et al. (2011), = data from Hellier et al. (2013)

Renewable group

Table 6.2: Properties of the oxygenated fuel molecules and reference gasoline
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6.1.3

Experimental Conditions

Each fuel blend was tested according to the WLTC test conditions defined in Chapter
4. All experiments were conducted at an engine speed of 1600 rpm and a fuel injection
pressure of 80 bar. The throttle position was adjusted for each fuel blend to meet an
engine IMEP of 4.7 bar. The engine was operated in a closed-loop lambda mode
with a lambda perturbation of 2.5 % at 1 Hz, which automatically adjusted the fuel
injection duration to meet the boundary conditions. A summary of the experimental
operating and engine conditions is given in Table 6.3. Each experiment lasted for
10 minutes, with a defined engine resting period between each test run. The first
300 s of each experiment was designated as the start-up phase, and steady-state
values were calculated after engine conditions had stabilised in the second half of
each test. In the case of RGL particulate engine-out data, a set of four repeats was
performed to distinguish the standard deviation of engine-out particulate levels and
examine the variation between multiple experiments. The mean values and standard
deviations displayed for gaseous engine-out pollutants were calculated based on at
least three separate test runs of each fuel blend.
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C2 group

C4 group

Renewable group

BUO

MTBE

MBT

BTA

2-butanone

Methyl tert-butyl ether

Methyl butyrate

Butyric acid

1600
1600

GVL

γ-valerolactone

1600

LNL

MTHF

1600

1600

1600

1600

1600

1600

1600

1600

1600

1600

1600

1600

1600

[rpm]

Linalool

2-methyltetrahydrofuran

MF

BYA

Butyraldehyde

2-methylfuran

BTN

1-butanol

MAT

Methyl acetate

ATA

DEE

Diethyl ether

Acetic acid

ACA

ETH

Ethanol

Acetaldehyde

RGL

Gasoline

Fuels

In-text
use

Engine
speed

15

15

15

15

15

15

15

15

15

15

15

15

15

15

15

15

[°BTDC]

Spark
timing

280

280

280

280

280

280

280

280

280

280

280

280

280

280

280

280

[°BTDC]

Injection
timing

1.804

1.733

1.718

1.738

1.843

1.761

1.730

1.738

1.734

1.734

1.896

1.838

1.723

1.802

1.819

1.677

0.015

0.011

0.015

0.012

0.001

0.016

0.003

0.004

0.006

0.004

0.004

0.003

0.004

0.012

0.003

0.006

1σ

7.70

7.59

7.56

7.63

7.89

7.73

7.60

7.57

7.58

7.59

7.88

7.76

7.55

7.45

7.62

7.62

Mean

0.04

0.05

0.05

0.05

0.01

0.07

0.00

0.01

0.02

0.03

0.00

0.01

0.01

0.02

0.01

0.03

1σ

[%]

[ms]
Mean

Throttle
position

Injection
duration

0.996

0.997

0.995

0.996

0.997

0.995

0.995

0.996

0.995

0.996

0.997

0.995

0.995

0.996

0.996

0.995

[–]

Lambda

32.52

30.76

30.29

30.67

32.85

31.30

29.95

30.41

30.20

30.27

33.40

32.39

30.14

30.86

31.43

29.05

Mean

0.18

0.23

0.22

0.16

0.02

0.31

0.09

0.06

0.08

0.08

0.32

0.14

0.29

0.26

0.11

0.14

1σ

[g/min]

Fuel flow

798.3

768.7

768.0

776.3

780.7

771.6

746.9

758.6

756.4

760.6

786.4

772.2

743.0

754.2

755.5

748.9

Mean

0.5

0.3

0.6

0.2

0.3

0.8

0.6

0.3

1.1

0.6

0.2

0.4

0.4

0.9

0.2

1.0

1σ

[kg/m ]

3

Fuel
density

Table 6.3: Engine and test operating conditions for the oxygenated fuel blends and reference gasoline

4.79

4.77

4.79

4.78

4.75

4.73

4.70

4.73

4.69

4.78

4.70

4.65

4.69

4.70

4.76

4.75

Mean

0.04

0.04

0.06

0.02

0.01

0.03

0.02

0.01

0.02

0.02

0.01

0.02

0.03

0.02

0.02

0.03

1σ

[bar]

IMEP
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6.2

Results

All results presented in this chapter show the engine-out emissions for the investigated
fuel blends in comparison to RGL. The fuel blends were clustered into three subgroups, where individually the light-off development and steady-state levels of gaseous
and particulate engine-out emissions were examined. Regarding the gaseous start-up
data sets, the first 25 seconds of each test is not displayed due to the stabilisation
process of the engine after start-up, which led to a fluctuation in engine-out emission
levels.

6.2.1

C2 Oxygenated Fuel Molecules

Figure 6.1 shows the gaseous engine-out emission levels of (a) CO, (b) H2 , (c) THC
and (d) NOX for all C2 group molecules blended at 20 %wt with RGL over the first
250 s of the engine start-up period (left part of each graph) and at steady-state
(right part of each graph). The steady-state values of each emission species are
plotted against the boiling point of the pure blending molecule on the bottom x-axis
in comparison to RGL, and additionally, the respective functional groups of each
molecule are displayed on the top x-axis of the graph.
It can be seen in Figure 6.1 that the gaseous engine-out levels reached close to
steady-state levels at the end of the 250 s start-up period, with THC (Figure 6.1c)
showing the highest discrepancy between the averaged steady-state values and
the levels at the end of the designated start-up period, for all fuel blends tested.
Furthermore, it is evident from the extent of the error bars shown Figure 6.1 that
CO (Figure 6.1a) and THC (Figure 6.1c) were more affected by the enforced lambda
perturbation of the engine than NOX (Figure 6.1d), which is in agreement with the
recognised impact of lambda variation on engine-out pollutant levels explained in
Figure 2.1. Maximum NOX formation is reached in a mixture with a slight oxygen
excess past stoichiometric, and hence, the lambda fluctuation around stoichiometric
resulted in a smaller NOX output variation. However, CO and THC formation is
much more sensitive to fluctuation in lambda rich of stoichiometric as both can arise
from incomplete combustion.
With the exception of ACA, Figure 6.1a shows a trend of decreasing steady-state
CO emissions with increasing boiling point of the blending molecule. The very low
boiling point of ACA at around room temperature (see Table 6.1) potentially explains
this deviation from the trend, as it may affect the injection process of the CL-system
due to possible evaporation inside the fuel delivery system. The H2 output levels
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Figure 6.1: Gaseous engine-out emissions (a) CO, (b) H2 , (c) THC and (d) NOX of
the C2 drop-in molecules blended at 20 %wt with RGL plotted for the
light-off period over engine run time and the steady-state period against
the boiling point of each blending molecule
shown Figure 6.1b suggest overall a similar distribution compared to RGL as seen
for the CO emissions (Figure 6.1a), which might be explained by the WGS reaching
equilibrium and therefore directly linking H2 levels in the exhaust gas to those of
CO. However, with single H2 measurements in Figure 6.1b, it is hardly possible to
determine a trend based on the functional group or the boiling point of the drop-in
molecule.
The lowest THC emission levels in Figure 6.1c were found with the DEE fuel
blend, roughly 200 ppm lower than RGL, and notwithstanding ACA, the engine-out
emissions increased with increasing boiling point of the blending molecule. As to be
expected, the THC (Figure 6.1c) and CO (Figure 6.1a) emissions show an opposing
trend, where lower THC levels result in higher CO levels (DEE blends) compared
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to RGL and respectively, higher THC emissions result in lower CO emissions (ATA
blends). Figure 6.1d indicates a trend of decreasing NOX levels with increasing
boiling point of the blending component, with a reduction of about 150 ppm with
DEE and ETH blends, and more than 300 ppm with the ATA blend, in comparison
to RGL. However, a roughly 100 ppm increase with ACA was observed, outside
the overall decreasing trend seen with increasing boiling point. Variations in the
in-cylinder peak pressure and heat-release rates for the different fuel blends, leading
to higher in-cylinder temperatures, one of the main drivers for NOX formation,
support the observed emission trends and might be a possible explanation for the
variations in NOX engine-out emissions (plots attached in Appendix E, Figure E.1).
ACA showed an increase in peak in-cylinder pressure compared to RGL, as well as
the highest value of the C2 group fuel blends tested, and ATA resulted in the lowest
peak in-cylinder pressure, which correlates to the examined NOX emission trend.
Figure 6.2 shows the development of the total engine-out particulate number
(Figure 6.2a) and mass (Figure 6.2b) concentrations for the start-up period of 250 s
(left side of each plot), as well as the stabilised engine-out levels (right side of each
plot), averaged over 120 seconds, for the oxygenated C2 fuel blends tested and RGL
only. Each test point shown in Figure 6.2a and Figure 6.2b represent the average of
the 10 preceding seconds, and the available error bars shown for RGL were calculated
based on four individual engine start-up procedures.
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Figure 6.2: Engine-out total (a) PN and (b) PM concentration of the C2 drop-in
molecules plotted for the light-off period over engine run time and the
steady-state period against the boiling point of each blending molecule
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It can be seen in Figure 6.2 that the oxygenated fuel molecules blended in RGL
resulted in an overall decrease of particulate number and mass compared to RGL
only, reducing the engine-out levels 250 s after engine start with DEE to below
8
-3
8
-3
2x10 N/cc and 1.7x10 µg/cc respectively, from roughly 3x10 N/cc and 2.7x10
µg/cc with RGL. Furthermore, the total particulate mass in Figure 6.2b decreased
during engine start-up for all of the oxygenated fuel blends significantly faster than
-3
RGL, reaching almost steady-state engine-out values of 1.5-3x10 µg/cc 150 seconds
after engine start. Figure 6.2a shows RGL only particulate number emissions to have
8
been as high as 4x10 N/cc and slowly decreased over a period greater than 250 s
8
of engine run time to a steady-state level of 3x10 N/cc. However, the particulate
number produced by the C2 oxygenated fuel blends after engine start, except for
8
ATA, dropped to values below 3x10 N/cc in the first 100 s after engine start before
reaching their respective steady-state values (Figure 6.2a).
The difference between the start-up and steady-state particulate mass values of
RGL and the oxygenated fuel blends was even more pronounced than in the case of
particulate number (Figure 6.2), indicating the production of larger accumulation
particles for a longer time before stabilising in the case of RGL. The total particulate
number concentration at steady-state conditions indicated a significant reduction
in the number of particles with oxygenated fuel blends compared to RGL, with
reduction levels ranging from around 15 % with ACA to almost 40 % with DEE
(Figure 6.2a). The total particulate mass concentration (Figure 6.2b) did not show
the same magnitude of decrease for all oxygenated fuel blends, with ACA resulting in
-3
a slightly increased steady-state value of 2.9x10 µg/cc compared to RGL. DEE with
its single oxygen atom within the carbon chain of the molecule structure showed the
most beneficial performance in regards to total particle number and mass emissions,
relative to the other blending molecules with terminal oxygenated functional groups.
The particle number size distribution at steady-state is shown in Figure 6.3 to
investigate further the impact of oxygenated fuel blends on the size of the particles
produced. The breakdown of the median nucleation (NM) and accumulation mode
(AM) particulate diameter is attached in Table A.5 (Appendix A).
It can be observed that the utilisation of the oxygenated fuel blends consistently
decreased the number of nucleation mode particles produced by the engine, with DEE
showing the most significant reduction in peak particle number compared to RGL
(Figure Figure 6.3). The peak particle number decreased for the particle diameter
8
8
range of 15 nm – 25 nm from over 8x10 N/cc with RGL to 6.5x10 N/cc with the
8
ACA and ATA fuel blend and below 5x10 N/cc with DEE.
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Figure 6.3: Engine-out particle number size distribution for the C2 drop-in blends
and RGL
However, the use of oxygenated fuel blends reduced the particle number emitted
by the test engine without affecting the size of the particles (Table A.5 attached in
Appendix A). All fuel blends tested resulted in nucleation and accumulation mode
particle diameters within the range of 15 - 20 nm and 35 - 45 nm respectively, similar
to the values observed for RGL only.

6.2.2

C4 Oxygenated Fuel Molecules

Figure 6.4 shows the gaseous engine-out emissions for the MTBE, BTN, BYA, BUO,
MBT and BTA blends in comparison to RGL only for the WLTC test condition with
the start-up procedure and steady-state values combined in each plot.
It can be seen from Figure 6.4 that the oxygenated molecules consisting of a
straight four-carbon backbone, with the BTA blend as an outlier, resulted in an
overall smaller variation of engine-out exhaust emissions within the C4 group of
molecules compared to RGL, relative to the variations observed within the C2 group
(Figure 6.1). However, the extent of the error bars present in Figure 6.4, potentially
caused or intensified by the enforced lambda perturbation, might disguise a more
readily apparent trend based on the functional group or the boiling point of the
drop-in molecule. Furthermore, it is noteworthy that BYA, the aldehyde molecule
in the C4 group, in comparison to outlier ACA in the C2 group of oxygenated
fuel blends, followed the observed emission trends in Figure 6.4 much more than
ACA in the results presented in Figure 6.1. A potential reason might be the longer
straight carbon backbone of the C4 molecules, which resembles the mean molecular
structure of RGL more closely than two carbon hydrocarbons, which are generally not
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Figure 6.4: Gaseous engine-out emissions (a) CO, (b) H2 , (c) THC and (d) NOX of
the C4 drop-in molecules blended at 20 %wt with RGL plotted for the
light-off period over engine run time and the steady-state period against
the boiling point of each blending molecule
components of commercial reference gasoline (Sarathy et al., 2018). Notwithstanding
the range of variability in CO levels (Figure 6.4a) and the dependency of the H2
levels (Figure 6.4b) on CO, BTA, with the highest boiling point of all the fuel blends,
showed slightly reduced CO and H2 levels compared to RGL.
A higher sensitivity to the composition of the oxygenated fuel blends in the
emissions of THC is apparent in the case of the C4 molecules (Figure 6.4c) relative to
the shorter C2 species (Figure 6.1c), with a decrease of 250 ppm at steady-state in the
case of BUO relative to RGL. It is noteworthy in Figure 6.4c that BTA increased the
THC levels significantly in comparison to RGL, resulting in almost 600 ppm higher
engine-out emissions. The NOX levels shown in Figure 6.4d display a similar trend
of decreasing NOX with increasing boiling point, as already observed in Figure 6.1d,
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albeit with a smaller range of variation with changing fuel composition. The aldehyde
and carboxylic acid functional group of the C4 molecules blended in RGL resulted in
the highest and lowest NOX levels respectively, which was also the case for the C2
drop-in blends (Figure 6.1d). Compared to RGL, BYA increased the NOX engine-out
emissions by 50 ppm while BTA decreased it by 260 ppm. Furthermore, MTBE and
MBT resulted in a NOX reduction of roughly 7 % and 12 % respectively, compared
to the mean output of RGL (1370 ppm), while BUO and BTN showed no significant
changes.
The engine-out particulate emissions are shown in terms of total particulate
number (Figure 6.5a) and mass concentration (Figure 6.5b) for the start-up and
steady-state period of each experiment, as well as the particle number size distribution
and particle diameters for stabilised engine operating conditions (Figure 6.6). The
start-up and steady-state particulate data in Figure 6.5, as well as the error bars
shown, were collected and processed as described in Section 6.2.1.
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steady-state period against the boiling point of each blending molecule

Figure 6.5 shows similar trends as observed in Figure 6.2, where oxygenated fuel
blends, in general, produced a smaller number of particulates, but total particulate
mass decreased only slightly or was unchanged in comparison to RGL, except for
MBT, which increased the total particle mass concentration. It can be seen in
Figure 6.5a that BYA, MBT and BTA slightly reduced the total particulate number
of RGL by 11 %, 8 % and 10 % respectively, while MTBE, BTN and BUO resulted
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in a reduction which ranged from 30 % to over 50 %. Also, it can be seen that
the engine-out particulate number for the C4 drop-in blends decreased faster than
RGL after engine-start and reached close to steady-state values after less than 150 s,
despite BYA, MBT and BTA not showing a significant difference in their final
steady-state values relative to RGL. It is interesting to note that the presence of
single bonded oxygen or a hydroxy group resulted in a lower particle number and
mass than the molecules containing a double or two bonded oxygen atoms. MTBE,
like the ether DEE in the C2 group, showed together with BTN the best performance,
compared to RGL and the other tested fuel blends.
The blending of oxygenated C4 molecules with RGL did not significantly affect
the mean diameter of nucleation and accumulation mode particles, an observation
already made with the C2 blending molecules (Table A.5). Similar to the C2 group,
all oxygenated fuel blends tested decreased the peak particle number compared to
RGL.
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Figure 6.6: Engine-out particle number size distribution for the C4 drop-in blends
and RGL
8

The peak particle number was halved from around 8x10 N/cc with RGL to
8
4x10 N/cc with MTBE in the particle diameter range of 15 nm – 25 nm, while the
other oxygenated C4 blends resulted in values scattered between these two. The
average particle diameter in Table A.5 showed, except for MBT, which slightly
increased the median diameter of the NM and AM particles, no significant change in
particle diameter outside the standard deviation of the measured values for RGL.
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6.2.3

Renewable Oxygenated Fuel Molecules

Figure 6.7 shows the gaseous engine-out emissions of (a) CO, (b) H2 , (c) THC and
(d) NOX for the renewable group of fuel molecules over the start-up period of the
test procedure (left part of each graph), and the steady-state phase (right part of
each graph).
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Figure 6.7: Gaseous engine-out emissions (a) CO, (b) H2 , (c) THC and (d) NOX of
the renewable drop-in molecules blended at 20 %wt with RGL plotted
for the light-off period over engine run time and the steady-state period
against the boiling point of each blending molecule
The engine-out data for CO and H2 in Figure 6.7a and Figure 6.7b resulted in
start-up, and steady-state values similar to the levels found with RGL, with CO
engine-out emissions of MF increased by roughly 0.1 % above RGL emissions and
H2 emissions decreased by 170 ppm. However, the THC engine-out levels shown in
Figure 6.7c presented a significant difference relative to RGL, a decrease of THC
levels by 200 ppm and 250 ppm was observed with the use of MF and MTHF blends,
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while GVL and LNL blends increased the THC engine-out by 800 ppm and 1000 ppm
respectively. The high boiling point of GVL and LNL (see Table 6.2) potentially
reduced the amount of vaporisation during the compression stroke, leading to a less
homogeneous and well mixed air fuel mixture inside the combustion chamber, despite
the early injection timing, resulting in increased levels of unburned hydrocarbons.
Figure 6.7d shows the NOX engine-out emissions, apparent from which are slightly
increased NOX values of 60 ppm and 100 ppm for LNL and MF respectively, and
a NOX reduction of 160 ppm with GVL. The higher NOX values coincide with
an increased peak pressure and heat release rates reached with the MF drop-in
blend (pressure data derived plots are attached in Appendix E, Figure E.3). Higher
in-cylinder temperatures caused by increased peak pressures would lead to higher
NOX levels, due to the high thermal sensitivity of NOX formation, as explained in
Chapter 2.
Figure 6.8 shows the particulate engine-out emissions for all of the tested
renewable-group blends with Figure 6.8a presenting the total particulate number and
Figure 6.8b the mass concentration for the engine start-up and steady-state period
of each performed test.
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It can be seen in Figure 6.8 that the overall particle number and mass emissions
were substantially reduced for all of the oxygenated fuel blends relative to RGL,
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despite the elevated THC emissions from LNL and GVL (Figure 6.7c). The total
particle number after 250 s, at the end of the engine start-up phase, reduced from
8
8
above 3x10 N/cc with RGL to below 2x10 N/cc with the oxygenated fuel blends
utilised (Figure 6.8a). As observed for the start-up phase in the case of the C2
(Figure 6.2) and C4 drop in blends (Figure 6.5), the total engine-out particle number
and mass concentration at start-up showed a fast decrease in engine-out emission
8
-3
levels compared to RGL, with output levels below 2x10 N/cc and 2x10 µg/cc 250 s
after engine start.
Figure 6.9 shows the size distribution of the engine-out particle number at steadystate conditions for all drop-in blends of the renewable group. The corresponding
NM and AM particle diameter of each drop-in blend is shown in Table A.5 attached
in Appendix A.
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Figure 6.9: Engine-out particle number size distribution for the renewable drop-in
blends and RGL
As discussed for the C2 and C4 drop-in components in Figure 6.3 and Figure 6.6,
the size distribution of the engine-out particles when operated on the renewable
molecule blends decreased significantly in peak particle number compared to RGL.
The number of particles in the diameter range of 15 nm - 25 nm decreased to values
8
8
between 5.8x10 N/cc for GVL and 4.5x10 N/cc for MTHF, compared to RGL,
without a significant change in the average particle diameter for either NM or AM.
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Discussion

When considering the effects of the oxygenated molecules on the gaseous emissions
described in Figure 6.1 and Figure 6.4 it should be noted that the main constituent
of each fuel blend was 80 %wt/wt of reference gasoline, which potentially resulted in
a less distinct impact than might be observable with pure component experiments.
Furthermore, the lambda perturbation enforced increased the variation in engine-out
emissions, especially for the highly AFR dependant species CO and THC, which
resulted in the sometimes significant range of error bars reported. However, the
boundary conditions were specifically defined and intended to examine the effect of
oxygenated fuel blends, with a potential future blending level of 20 % (European
Commission, 2018b), and the effect on a commercial DI-SI engine setup, without
being explicitly tuned towards the use of oxygenated fuel blends.
The CO engine-out levels in Figure 6.1a, Figure 6.4a and Figure 6.7a showed no
clear trend towards a reduction in absolute CO engine-out emissions with increasing
oxygen content in the fuel blends, as suggested in previous works which reviewed
several studies examining the use of oxygenated fuel blends in comparison to RGL
(Awad et al., 2018a,b; Yanowitz et al., 2011). However, it must be noted that the
change in oxygen content was the result of a variation in the functional groups of
each molecule, which completely changed the properties of the blending component,
whereas many previous studies have increased the oxygen content by increasing the
blending ratio of the oxygenated molecule.
However, it was evident that the oxygenated short C2 group components resulted
in a more pronounced effect on CO emissions compared to RGL than the larger C4
and renewable group components, potentially attributable to the larger size of these
molecules, closer to usual components of RGL (Sarathy et al., 2018). Additionally,
the CO engine-out emissions, especially in the case of the C2 drop-in components
(Figure 6.1a), showed a connection between CO and THC levels, where higher
CO emissions, compared to RGL, were linked to lower THC levels and vice versa.
This trend might be expected because reduced THC levels are most likely caused
by increased levels of hydrocarbon oxidation, which increases the possibility of
incomplete oxidisation to CO2 . Overall, CO engine-out emissions from the oxygenated
molecule blends were equivalent or slightly higher in comparison to RGL. A potential
explanation might be that the engine setup and injection system was not explicitly
calibrated for operation with such of variety of different liquid fuels. Therefore, a
reduction in the spray and mixing performance of fuel and air inside the combustion
chamber of the DI engine could lead to reduced levels of complete combustion and
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increased CO levels, as suggested in engine combustion experiments with different
butanol blends by Hergueta et al. (2017).
No repeats for the engine-out hydrogen measurements were performed due to
analyser availability (Figure 6.1b, Figure 6.4b and Figure 6.7b), however, initial
calibration measurements showed variations of similar magnitude as observed for
the other gaseous species. Heywood (1988) stated Equation 2.6 as the key path for
CO oxidation via hydroxyl radicals, which together with the WGS (Equation 2.17)
leads to CO2 and H2 emissions, linking the CO and H2 emissions. The examined
H2 engine-out levels throughout this work were found to be in an H2 /CO ratio
of roughly 1/4, similar to levels reported by Vollmer et al. (2010) in a naturally
aspirated 4-cylinder SI engine operated at medium load and speed. The observed
ratio was slightly below the H2 /CO ratio of 1/3, which was stated as an assumption
for H2 engine-out levels in relation to CO engine-out emissions (Heywood, 1988).
The alcohol (ETH, BTN) and ether (DEE, MTBE) functional group of both
oxygenated component groups showed a noticeable increase in H2 output levels
compared to RGL, as well as the other tested blending molecules, which might be
related to the H/C-ratio of the pure molecules and therefore, the final fuel blend.
The H/C-ratios in the prepared fuel blends with DEE, ETH, MTBE and BTN were
between 1.8413 and 1.8975 (see Appendix F), an increase of around 6 % to almost
10 % compared to RGL, which potentially increased H2 output levels. This suggestion
might be further strengthened when considering that MF, having the lowest H/Cratio of all oxygenated fuel blends, resulted in the lowest H2 engine emissions. It can
be noted that overall, the H2 engine-out levels suggested a connection to the H/C
ratio of the fuel blend in comparison to RGL, where an increased H/C ratio resulted
in higher H2 emissions.
Figure 6.1c, Figure 6.4c and Figure 6.7c showed the THC engine-out levels, and
suggest a correlation between THC emissions and the boiling point of the drop-in
component (Table 6.3). The fuel blends containing an oxygenate with a boiling point
below 100 °C resulted in a reduction of THC emissions compared to RGL, while a
boiling point up to 150 °C showed emissions equivalent to RGL. A boiling point of
150 °C correlates with an evaporation rate of more than 80 % for RGL according
to the fuel certificate (see Appendix F). The fuel blends BTA, LNL and GVL, with
boiling points at 163 °C, 198 °C and 207 °C, resulted in significantly increased THC
levels. The high boiling point potentially reduced the quality of the air/fuel-mixture
(less homogeneous air/fuel-mixture, increased mixture non-uniformities (Heywood,
1988) inside the combustion chamber due to reduced vaporisation rates of the drop-in
molecules compared to RGL. The liquid fuel could potentially creep into available
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crevices or form a liquid layer on the piston and cylinder walls, leading to higher
rates of flame quenching. The wall guided injection system probably intensified the
fuel impingement and therefore, aggravated the negative impact. These unburned
HC would then be exhausted during the exhaust stroke resulting in increased THC
engine-out levels.
BUO, MF and MTHF showed the lowest levels of THC emissions compared
to RGL, with a mean engine-out reduction of around 10 %. Thewes et al. (2011);
Wang et al. (2013) observed a reduction in hydrocarbon engine-out levels for a
variety of engine loads at 1500 rpm with 2-methylfuran as single fuel used in a DI-SI
engine, and suggested in addition to the oxygen content of the molecule, increased
flame temperatures produced by MF favoured higher rates of complete hydrocarbon
combustion, which could lead to lower THC engine-out emissions. The in-cylinder
pressure data attached in Appendix E showed an increased peak-pressure for MF and
MTHF, suggestive of an increase in in-cylinder temperature. Similar observations
have been reported for 2-butanone and 2-methylfuran by Hoppe et al. (2016b).
Furthermore, the replacement of potentially longer hydrocarbon chains in the RGL
with shorter C2 , C4 and cyclic molecules, as well as the oxygen available in the
fuel molecules, could favour oxidation rates and lead to increased levels of complete
THC combustion (Hergueta et al., 2017; Wang et al., 2013). However, it should be
noted that a reduced sensitivity of the FID analyser used for THC determination, as
reported in previous studies, could be possible and no compensation was applied in
this study (Wallner, 2011).
The NOX emissions in Figure 6.1d suggested, except for ACA, a trend of decreasing
NOX levels with increasing boiling point of the drop-in molecule. ACA resulted in
the highest peak in-cylinder pressure of the C2 components, which could be expected
to lead to higher in-cylinder temperatures and hence, increased NOX levels, which
are, as described in Chapter 2, primarily dependant on the temperature inside the
combustion chamber. Boot et al. (2017) described aldehydes as a predominantly
intermediate species and thus, less stable, due to the functional group weakening the
adjacent C-H bonds, which might contribute to a faster combustion and heat release
rate. Figure 6.4d shows, with the exception of the aldehyde (Figure 6.1d), equivalent
or reduced NOX emissions compared to RGL.
In the case of alcohols, a reduction in NOX emissions was suggested to be caused
by the higher enthalpy of vaporisation, leading to a reduction in the global combustion
chamber temperature and thus, reduced NOX emissions (Thewes et al., 2011). ETH
showed a more distinct reduction than BTN, which might be due to the higher
density and boiling point of BTN leading to a decrease in mixture formation quality
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and potentially offsetting the charge cooling effect (Hergueta et al., 2017). The ester
and carboxylic acid at both C2 and C4 chain lengths resulted in the lowest NOX levels
of the individual group, in correlation with the combustion performance examined
for the fuel blends (pressure related plots attached in Appendix E). A lower peak
in-cylinder pressure and slower burn rates were observed with the ester and carboxylic
acid fuel blends, which could lead to reduced in-cylinder temperatures, and directly
impact the NOX formation. An assumption made in previous studies (Daniel et al.,
2011; Wang et al., 2013), where a higher H/C-ratio indicated a reduction in NOX
emission levels was not applicable in this study. A potential explanation for this
might be the change in H/C-ratio through varying the blending component at a fixed
blending level, rather than varying the amount of the same component in the blend.
The variation in combustion performance of the chosen drop-in the molecules might
be mainly caused by the changing molecule properties like boiling point or density.
The NOX levels examined in Figure 6.7d indicated an increasing trend of NOX
emissions for MF and a reduction with GVL, while LNL and MTHF resulted in
a less significant difference in comparison to RGL. GVL showed the lowest heat
release and slowest burn rate, which might explain the reduced NOX levels due
to lower in-cylinder temperatures. The increased NOX emissions with MF, the
highest absolute values besides ACA for all tested oxygenated fuel blends, correlated
with increased peak in-cylinder temperature compared to RGL (see Appendix E).
Furthermore, Thewes et al. (2011) observed increased CO2 formation during single
component combustion experiments, potentially caused by the unfavourable H/C
ratio of MF, compared to RON 95 gasoline and for example ethanol. It was concluded
that the lower specific heat capacity of the CO2 produced in the combustion process,
in relation to higher H2 O levels, increased the in-cylinder temperature and therefore,
NOX formation rates. The measured CO2 levels throughout this set of experiments
supported the suggestion of increased CO2 levels with MF, resulting in the highest
CO2 engine-out emissions between all oxygenated fuel blends examined and an
increase of 0.4 % with MF in comparison to RGL.
The particulate emissions in Figure 6.2, Figure 6.5 and Figure 6.8 generally show
a reduction of particle number and mass concentration for all tested oxygenated
fuel blends. The start-up engine-out levels especially revealed a faster decrease in
particle number and mass concentration ahead of reaching close-to steady-state
operation levels in comparison to RGL. The particulate number size distribution at
steady-engine operation conditions was dominated by nucleation mode particles with
a diameter 15 nm – 25 nm for all tested fuels (Figure 6.3, Figure 6.6 and Figure 6.9).
The use of different oxygenated fuel blends resulted in no significant change in
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particle size distribution; however, a substantial reduction in the number of particles
produced was apparent.The total particle mass concentration emitted during steadystate engine operation was lower or equivalent to RGL for all fuel blends examined,
except MBT (Figure 6.2b, Figure 6.5b and Figure 6.8b). The reduction of total
particulate mass, which is predominantly represented by accumulation mode particles,
in combination with the number of particles, might suggest that the oxygenated fuel
blends reduced the amount of larger accumulation mode particles, responsible for the
majority of particle mass, and shifted towards nucleation mode particles (Hergueta
et al., 2017).
The oxygen introduced into the fuel blend and the reduction and partial replacement of the aromatic RGL content was suggested to be one of the key factors
in lowering the concentration of precursors for soot formation (Price et al., 2007;
Thewes et al., 2011; Tree and Svensson, 2007). The blending molecules with the
ether functional group, DEE and MTBE, resulted in the overall lowest particle
matter emissions, with a reduction of close to 50 % for particulate number and
mass. Boot et al. (2017) described MTBE combustion with the formation of stable
intermediates and reduced low-temperature branching reactions, due to the highly
branched appearance of the molecules, and this may be a possible reason for the
high level of particulate matter reduction. It can be stated that the oxygen content
introduced in the fuel blends, with the help of the oxygenated molecules, showed
a beneficial effect in reducing the particle number and mass emissions for all fuels
utilised, even BTA, LNL and GVL.

6.4

Summary

Chapter 6 has presented the results of a range of oxygenated molecules, blended on
a 20 %/80 % mass based ratio with reference gasoline, investigated for their effect on
the engine-out gaseous and particulate emission levels. The engine-out light-off and
steady-state levels for CO, THC, H2 , NOX and particulates were examined with the
engine operated on five C2 , six C4 and four renewable grouped drop-in components.
Molecules with analogues oxygen containing functional groups (6 groups) attached
to two main carbon chain lengths (C2 , C4 ) were investigated, alongside three cyclic
and one C10 oxygenated molecule.
• The CO engine-out emissions showed no distinct effect of the oxygenated fuel
blends utilised compared to RGL and a higher degree of variability than the
other gaseous emissions, possibly caused by the enforced lambda perturbation
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of the engine. The degree of CO emission variability within the C2 fuel blend
group relative to RGL was higher than in the C4 group, potentially attributable
to the longer carbon chain in the C4 molecules closer resembling RGL.
• The boiling point of the oxygenated molecules relative to the boiling point of
RGL showed an effect on THC engine-out emissions. Especially apparent in
the case of drop-in molecules with a boiling point at either end of the boiling
point curve for RGL, where a significant decrease or increase in THC emissions
was found relative to RGL, potentially caused by the change in vaporisation
rates during mixture preparation.
• The oxygenated fuel blends showed a decreasing NOX emission trend with
increasing boiling points of the drop-in molecule relative to RGL. However, with
the in-cylinder conditions and temperatures during combustion being the main
driver for NOX formation, the LHV of each drop-in component decreased with
increasing boiling point, possibly leading to the reduction in NOX engine-out
levels. The ester and carboxylic acid functional groups resulted in the lowest
NOX emissions, in accordance to their lower LHV and combustion performance
compared to the other tested fuel blends and RGL; consequently, reduced
in-cylinder temperatures and NOX formation rates.
• The H2 engine-out levels suggested a dependence of H2 levels on the H/C ratio
of the fuel blend utilised relative to RGL, with a higher H/C ratio resulting in
increased H2 emission levels.
• The utilisation of oxygenated fuel blends showed a reduction in particulate
number and mass engine-out concentrations compared to RGL, especially in
stabilising the engine-out particulate levels distinctly faster after engine start.
Furthermore, the oxygenated fuel blends significantly decreased the number
of particles produced, predominantly represented by NM particles, without
affecting the particle size distribution, which was attributed to increased oxygen
and decreased aromatic content in the fuel blend, leading to a reduction in
soot precursor formation.
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Chapter 7
Effect of Oxygenated Fuel Blend
Produced Exhaust Gas on TWC
Conversion Performance
The impact of various oxygenated fuel blends on the combustion behaviour and
emissions formation of IC engines has been studied intensively in recent years, as
outlined in Chapter 2 and Chapter 6, for a variety of different oxygenated drop-in
molecules. However, more research is needed for a better understanding of how
potential oxygenated fuel blends influence the conversion performance of gaseous and
particulate exhaust emissions over a commercial TWC. Ethanol blended in gasoline
was reported to decrease NOX and CO tail-pipe emissions (Schifter et al., 2018),
suggested as due to the increased oxygen content of the fuel blend leading to higher
levels of complete combustion and a charge cooling effect, caused by ethanol’s high
latent heat of vaporisation, reducing the in-cylinder temperature and, therefore, NOX
emissions. However, only the combustion effects of the oxygenated drop-in blends
utilised were considered, which may have led to the reduction in engine-out emissions,
and not any changes in the performance of the TWC. A change in the composition of
engine-out HC species and reduced particulate matter emissions with butanol/ diesel
blends has been linked to improved conversion efficiency over a DOC (Fayad et al.,
2017). The availability of an increased number of hydrogen species was attributed
to the enhancement of low-temperature SCR of NOX when co-feeding ethanol and
ammonia as SCR reductant species over a silver-alumina catalyst (Barreau et al.,
2018). Despite the extent of studies available on the emissions and combustion
performance of different oxygenated fuel blends (Awad et al., 2018b; Bergthorson and
Thomson, 2015), as well as the need to consider potential oxygenated fuel effects on
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all relevant parts in an automotive system (Leitner et al., 2017; Yanowitz et al., 2011),
the impact of oxygenated fuel blends on the conversion performance of commercial
TWC’s has scarcely been researched.
The following chapter presents the results of experiments with the test engine,
operated on different oxygenated molecules blended with reference gasoline on a
20/80 %wt/wt basis, so as to examine the impact of the gaseous and particulate
engine-out emissions produced from combustion of these oxygenated fuel blends on
the conversion performance of a commercial TWC.

7.1

Experimental Method

The catalytic converter utilised and the specification of fuel molecules used as
RGL blending components are outlined, together with the experimental operating
conditions, in the following sections. Any reference to light-off time or light-off
temperature is considered as the time or the specific temperature needed to achieve
a 50 % conversion rate of the individual species; otherwise the absolute amount of
the species converted is stated separately.

7.1.1

Apparatus

All experiments described in this chapter were conducted on the modified VW engine
described in Chapter 3, utilising the WLTC test condition outlined in Chapter 4.
The gaseous emissions for CO, THC and NOX were recorded simultaneously upand downstream of the TWC, while H2 and particulate emissions were measured in
consecutive experiments due to analyser availability.

7.1.2

Fuel Molecules Investigated

The drop-in components described in Chapter 6 were examined to investigate the
impact on the conversion performance of the commercial TWC utilised. The molecular structure of each component and the relevant properties, including RGL, are
summarised in Table 6.1 and Table 6.2, respectively. The calculated properties of
the oxygenated drop-in blends are attached in Appendix F.

7.1.3

Three-Way Catalyst Investigated

The available properties of the ceramic TWC examined are summarised in Table 5.1.
The conversion capability of the catalyst was checked at the beginning of each set of
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daily experiments with two consecutive light-off tests with the engine operated on
reference gasoline to ensure a comparable day to day performance according to the
description in Section 4.4.1.

7.1.4

Experimental Conditions

The WLTC test condition defined in Chapter 4 was used for all of the oxygenated
fuel blends studied. All experiments were conducted at an engine speed of 1600 rpm,
a fuel injection pressure of 80 bar and the throttle position adjusted to produce
a constant engine IMEP of 4.7 bar at λ = 0.995 operation (perturbed with 2.5 %
at 1 Hz). The complete description of the test procedure is available in Chapter
4 and the detailed operation conditions for each fuel blend are given in Table 6.3.
Throughout the set of experiments, it was necessary to replace the TWC due to
a reduced conversion capability apparent from repeat tests of reference gasoline.
Despite all ceramic TWC’s used originating from the same production batch, received
from the supplier in a combined order, the conversion performance varied between the
catalytic bricks, despite using the same de-greening, breaking-in and characterisation
procedures (as outlined in Chapter 4).
The magnitude of conversion performance variation for the legislated exhaust
species is visible in Figure 4.1 on the basis of lambda-sweep experiments, where
rd
especially with the 3 sample a distinct difference in the trends for conversion
efficiency was observed. The NOX reduction showed a significantly sharper decrease in
conversion efficiency with lean engine operation. Therefore, to avoid the obfuscation
of any fuel effects due to varying TWC inlet conditions caused by the different
oxygenated fuel blends and the variability in TWC conversion performance, it was
decided to plot the conversion of the gaseous pollutants CO, THC and NOX as
the change in inlet TWC temperature required to consume a certain amount of
exhaust species relative to RGL for each fuel blend tested. The amount of each
legislated gaseous species was defined as 0.6 % CO, 1200 ppm THC and 600 ppm
NOX , which represented values just above a 50 % conversion rate based on the
steady-state engine-out emissions for the WLTC test condition (Figure 5.2), where
light-off for each species should have occurred. Furthermore, the hydrogen and
particulate emissions are presented as absolute values due to analyser availability,
rather than on a consumption or conversion basis.
Figure 7.1 shows the inlet TWC temperature plotted over 250 s after engine start
for the group of C2 oxygenated drop-in blends. Only minor variations between RGL
and the oxygenated fuel blends were observed upstream of the TWC, potentially
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due to the majority of each fuel blend (80 %) consisting of reference gasoline and
resulting in similar levels of energy lost to the exhaust during combustion at constant
load, which is also indicated in the small difference in maximum HRR achieved
(< 1.5 J/CAD) between all tested fuels (Appendix E, Figure E.1b, E.2b, E.3b). The
difference in the maximum HRR achieved between the oxygenated fuel blends and
RGL decreased further with the C4 and Renewable group of drop-in blends.
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Figure 7.1: Temperature upstream of the TWC for the group of C2 oxygenated
drop-in molecules over the first 250 s after engine-start

7.2

Results and Discussion

The following sections discuss the conversion of gaseous and particulate exhaust
species across the TWC-CR, generated from a DI-SI engine operated on different
oxygenated fuel blends.

7.2.1

Fuel Effects on Hydrogen Conversion

The measured hydrogen levels downstream of the TWC for all examined oxygenated
fuel blends, divided into the three groups as described in Chapter 6, are plotted for
the duration of the light-off period of the catalyst as shown Figure 7.2, with the
first 25 s of each test being disregarded due to the high fluctuation of engine-out
emissions caused by the start-up procedure (see Chapter 4). The related temperature
development upstream of the TWC is shown in Figure 7.1 in the case of oxygenated
C2 drop-in molecules.
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Figure 7.2: Hydrogen emissions after engine start downstream of the TWC for the
(a) C2 , (b) C4 and (c) renewable group of oxygenated drop-in blends
It can be observed from Figure 7.2 that the individual engine-out hydrogen levels
generated by all the oxygenated drop-in blends and RGL were reduced to almost
zero across the TWC by 125 seconds after engine start, independently of the type
of fuel utilised, and only after this was a fuel effect apparent downstream of the
TWC. This is similar to the initial complete conversion of H2 added to the exhaust
observed in Chapter 5, irrespective of the level of H2 (Figure 5.8). Close to complete
H2 conversion was reached in a range of 110 s to 125 s after engine start for all of the
oxygenated fuel blends (Figure 7.2), which coincided with an exhaust temperature
upstream of the TWC of above 330 °C, close to the light-off temperature of CO with
RGL (Figure 5.5).

223

7.2 Results and Discussion
It is noteworthy that the drop-in components ATA and MAT in Figure 7.2a,
MBT and BTA in Figure 7.2b as well as MF, LNL and GVL in Figure 7.2c, resulted
in an increase of the H2 levels downstream of the TWC after the minimum reached
by 125 s. These drop-in molecules have a significantly higher density than gasoline,
3
with values between 0.87 – 1.05 kg/dm (individual values are stated in Table 6.2).
Unburned fuel molecules in the exhaust gas or closely related combustion products
could potentially reduce the accessibility to the active sites in the washcoat, which
would result in a decrease in conversion capability. The density or molecular weight
of any exhaust species directly affects the diffusion coefficient, potentially leading to
a change in the conversion efficiency through a reduced diffusion rate. This reduction
might be especially relevant in the lower temperature region of the TWC, ahead of
the light-off for all gaseous species, and before the full conversion efficiency of the
TWC was reached at its fully warmed up condition (a concise explanation regarding
boundary conditions of mass and heat transfer is attached in Appendix B). The
diffusion rate dependency might explain why the H2 levels decreased again with
increasing exhaust temperatures.
Furthermore, the increase in H2 levels downstream of the TWC after roughly
125 s, before stabilisation, were less pronounced in the C2 group of drop-in molecules
(Figure 7.2a), which might be due to an easier oxidation of the likely shorter unburned
fuel components and combustion intermediates, despite a high density, as compared
to the species with a longer main carbon-chain in the C4 group (Figure 7.2b). LNL,
with its long carbon backbone and the cyclic drop-in molecules, except for MTHF,
showed a similar trend and resulted in elevated H2 levels before reaching steady-state
values (Figure 7.2c). LNL and GVL, the oxygenated components with the highest
molecular weights of the tested molecules, resulted in a noticeably increased duration
after engine-start before reaching stable H2 tailpipe levels, pointing towards the
negative effect of increased molecular weight on the diffusivity inside the pores of
the washcoat.

7.2.2

Fuel Effects on Gaseous Pollutant Conversion

Figure 7.3 shows the change in TWC inlet temperature required to convert 0.6 % CO,
600 ppm NOX and 1200 ppm THC of the respective pollutant species for each of
the tested C2 component drop-in blends relative to the temperature required for the
same level of absolute conversion with RGL only.
In can be observed from Figure 7.3 that for all of the C2 oxygenated fuel blends,
except ATA, the reduction of a specific amount of gaseous emissions occurred at a
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Figure 7.3: Change in TWC inlet temperature required for consuming 0.6 %, 600
ppm and 1200 ppm of CO, NOX and THC respectively relative to RGL
operation (group of C2 fuel blends)
lower exhaust inlet temperature than with RGL. The ETH blend showed the most
significant temperature reductions of 6 °C and 8 °C to consume 0.6 % and 1200 ppm
of CO and THC respectively, as well as a 3 °C decrease to convert 600 ppm of NOX .
The THC oxidation, a similar reduction in inlet TWC temperature of 7 °C was
observed with ACA, while DEE resulted in a decrease of 5 °C relative to RGL. The
most significant temperature difference in NOX consumption was found with ACA,
with a reduced temperature upstream of the TWC of almost 7 °C compared to RGL.
For the conversion of species form fuelling with the ATA blend, an increase in TWC
inlet temperature for the three examined species was observed, raising the necessary
temperature by roughly 6 °C, 10 °C and 8 °C for the conversion of CO, NOX and
THC respectively.
Figure 7.4 summarises the change in TWC inlet temperature to convert the same
amount of gaseous CO (0.6 %), NOX (600 ppm) and THC (1200 ppm) emissions
produced by the group of C4 drop-in molecules.
Figure 7.4 shows that overall the conversion of the C4 group produced exhaust
gas resulted in a less pronounced change in TWC inlet temperature than observed
for the C2 group blends (Figure 7.3). In the case of CO oxidation, all of the C4
molecules, except MTBE, increased TWC inlet temperature relative to RGL. BTN
and MBTE were the only drop-in components which resulted in an equivalent or
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Figure 7.4: Change in TWC inlet temperature required for consuming 0.6 %, 600
ppm and 1200 ppm of CO, NOX and THC respectively relative to RGL
operation (group of C4 fuel blends)
reduced temperature upstream of the TWC for the consumption of CO, THC and
NOX compared to RGL. No significant change was observed for CO, a slight reduction
of below 2 °C for NOX and a temperature decrease of almost 3 °C and 4 °C pre TWC
for THC, in the case of BTN and MTBE respectively (Figure 7.4). Similar to ATA
in the C2 group, BTA with its carboxylic acid functional group saw a substantially
increased temperature for both oxidation reactions, resulting in a roughly 10 °C
higher TWC inlet temperature for CO and THC conversion and slightly elevated
temperature for NOX reduction.
The change in TWC inlet temperature to convert 0.6 % CO, 600 ppm NOX and
1200 ppm THC emissions produced by the DI-SI engine, operated on a 20/80 %wt/wt
fuel blend of RGL with four oxygenated drop-in molecules (MF, MTHF, GVL, LNL)
is shown in Figure 7.5.
It can be observed from Figure 7.5 that all of the oxygenated fuel blends in the
renewable group (see Table 6.1 for the individual groups) increased the TWC inlet
temperature necessary to consume the stated amounts of exhaust species entering the
converter. The consumption of 0.6 % CO was reached at an increased temperature
upstream of the TWC of 10 °C and 8 °C for LNL and GVL, and increased temperatures of 6 °C and 4 °C to consume 600 ppm NOX for LNL and GVL respectively, and
for both, an increase of more than 3 °C was required to consume 1200 ppm THC.
226

7.2 Results and Discussion
1 0
M F

0 .6 % C O
6 0 0 p p m N O x
1 2 0 0 p p m T H C

c h a n g e in T W C in le t te m p e r a tu r e fo r s p e c ific
s p e c ie s c o n v e r s io n r e la tiv e to R G L o n ly [° C ]

M T H F
L N L
G V L
8

6

4

0

2

C O

N O x

T H C

Figure 7.5: Change in TWC inlet temperature required for consuming 0.6 %, 600
ppm and 1200 ppm of CO, NOX and THC respectively relative to RGL
operation (group of renewable fuel blends)
MF and MTHF resulted in a less pronounced temperature increase at the TWC
inlet, with increases of around 2 °C for all three pollutants and both fuel blends,
except in the case of NOX conversion with MTHF, where a significant increase of
almost 7 °C was observed.
The setup utilised did not incorporate any further speciation of the exhaust
gas to gain a more detailed picture of the change in hydrocarbon species present.
However, previous studies have observed the use of oxygenated fuel blends to result
in increased exhaust levels of oxygenated molecules, present either as unburned fuel
components or closely related molecules (Suarez-Bertoa et al., 2015; Wallner, 2011).
The speciation of unregulated gaseous emissions of an engine operated with different
levels of ethanol blended in gasoline resulted in increased amounts of ethanol and
aldehyde species in the exhaust (Jin et al., 2017). Furthermore, Bogarra et al. (2017)
formulated the following order for the preferential conversion of unregulated species
over a TWC as follows (from first to last):
alcohol > aldehydes > aromatics > alkenes > alkanes
This order of molecules shows similarities to the observed conversion efficiency
results shown in Figure 7.3 and Figure 7.4. The alcohol in the C2 and C4 groups
performed similar to or better than the other molecules of the same respective
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carbon chain length in terms of CO and THC oxidation. Boot et al. (2017) stated
the extraction of the OH-group, attached to the paraffinic structure of alcohol,
and the weakening of the adjacent C bonds as one of the first steps in alcohol
combustion, which might lead to an increased number of hydroxyl radicals, which
have been suggested to be crucial in oxidation reactions on noble metal-doped
catalytic converters (Mhadeshwar and Vlachos, 2005). Furthermore, ETH specifically
is reported to be easier converted over a TWC than other oxygenated species including,
for example, aldehydes (Bogarra et al., 2017).
The best overall performance in the renewable group of oxygenated blends
was observed with MF and MTHF, which had been reported to have an exhaust
composition not drastically different from commercial 95 octane gasoline (Hoppe
et al., 2016b; Thewes et al., 2011). However, all of the fuel blends (MF, MTHF, LNL,
GVL) showed an increase in exhaust temperature to convert the specific amount of
exhaust species in comparison to RGL. The most significant increase in temperature
from the renewable group of fuel blends was observed with LNL, which increased
the temperature for 0.6 % CO consumption by almost 10 °C and MF displayed the
least significant increase in temperature for the three species. As mentioned in the
previous section for H2 oxidation, the considerably higher molecular mass together
with high density values of the molecules in the renewable group compared to RGL,
specifically in the case of GVL and LNL (Table 6.2), might have caused a reduction
in diffusion rates and less access to the active sites in the washcoat. Accordingly,
the drop-in blends ATA and BTA, incorporating a carboxylic acid functional group,
showed the highest increase in TWC inlet temperature for the oxidation reactions of
CO and THC in their respective groups, in agreement with the higher density of ATA
and BTA relative to the other components in the C2 and C4 groups respectively.
Both oxidation reactions showed a related conversion performance, which might
be expected due to the fact that the same active sites, Pt and Pd, promote CO and
THC oxidation. Therefore, increased diffusion rates and reduced active site access,
or vice versa, would affect both conversion reactions simultaneously. However, the
NOX reduction, utilising predominantly separate Rh active sites, did not follow the
trends in pre TWC temperature observed for oxidation reactions.
Moreover, despite the significant decrease in NOX engine-out levels with ATA,
BTA and GVL (27 %, 19 %, 12 % respectively), relative to RGL (Figure 6.1d,
Figure 6.4d, Figure 6.7d), the distinct increase in TWC inlet temperature for the
conversion of 600 ppm NOX with the ATA, BTA and GVL fuel blends indicated a
direct effect of these oxygenated drop-in blends on the conversion performance of the
TWC. Furthermore, it could be observed that the THC conversion resulted (with the
228

7.2 Results and Discussion
exception of the carboxylic acid in each group of drop-in components) in the highest
decrease and lowest increase in the required inlet temperature for the conversion of
C2 , C4 and renewable fuel blends, compared to CO and NOX conversion (Figure 7.3,
Figure 7.4, Figure 7.5). This might be further attributed to the fact that the carbon
content of the fuel blends was reduced by the oxygenated fuel molecules, possibly
resulting in a tendency towards shorter chain hydrocarbons in the exhaust stream
and therefore a potentially faster conversion. It is tentatively suggested that relative
to the THC oxidation, CO oxidation across the TWC may be mainly dependent on
the amount of available active sites and adatomic oxygen (Nieuwenhuys, 1999), and
less on the availability of oxygenated hydrocarbon molecules. The conversion of NOX
to N2 mainly relies on CO and THC as reducing agents, and so shorter hydrocarbon
species in the exhaust gas might further benefit NOX conversion through a reduced
number of necessary reaction steps.
Furthermore, the temperature trends observed in Figure 7.3, Figure 7.4 and
Figure 7.5 suggest instead a correlation between conversion efficiency and molecule
complexity or chain length of the oxygenated blending molecule used. The shorter
and less complex C2 chain molecules indicated a reduction in pre TWC temperature,
and with increasing complexity and chain length of the C4 chain molecules, this
effect decreased. The cyclic structure of MF, MTHF and GVL, as well as the long
carbon backbone of LNL, resulted in the opposite effect and increased the inlet TWC
temperature. This would correlate with suggestions in the theory of oxygenated
fuel combustion, where the hydroxy group or the single/ double bonded oxygen
reduces the binding energy of the adjacent bond leading to an initial decomposition
at the weakest bond, which predominantly reduces the low-temperature reactivity
of the main carbon structure, one of the reasons leading to their increased knock
resistance (Boot et al., 2017; Sarathy et al., 2014). Therefore, any larger, more
complex molecule escaping the combustion process may prove more resistant to
breakdown than those from RGL and potentially extend the process of breaking
down the remaining hydrocarbons on the catalytic surface.

7.2.3

Fuel Effects on Particulate Reduction

Firstly, it should be noted that the particulate emissions presented in this section
were measured downstream of the TWC in consecutive order to the engine-out levels,
compared to the simultaneous measurements of the gaseous pollutants, which might
have introduced test to test variations. Therefore, as for the engine-out particulate
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emissions in Chapter 6, the values post TWC have been stated in absolute terms for
the light-off and steady-state part of each experiment.
Figure 7.6 shows the total particulate number (Figure 7.6a) and mass (Figure 7.6b)
concentration downstream of the TWC for the light-off period of 300 s (left side of
each plot), as well as the stabilised tailpipe levels (right side of each plot), averaged
over 120 seconds, for the oxygenated C2 fuel blends tested in comparison to RGL
only. Regarding the gaseous start-up data sets, the first 25 seconds of each test is
not displayed due to the stabilisation process of the engine after start-up, which
led to a fluctuation in engine-out emission levels and each light-off test point in
Figure 7.6a and Figure 7.6b represents the average of the 10 preceding seconds. The
steady-state values of each emission species are plotted against the density of the
pure blending molecule on the bottom x-axis in comparison to RGL, and additionally,
the respective functional groups of each molecule are displayed on the top x-axis of
the graph.
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Figure 7.6: Post TWC total (a) PN and (b) PM concentration of the C2 drop-in
blends plotted for the light-off period against engine run time and the
steady state period against the density of each fuel blend component
It can be observed in Figure 7.6a that the total particle number concentration
of all oxygenated C2 fuel blends decreased during start-up significantly faster than
RGL, despite resulting in higher steady-state values in the case of MAT and ATA, in
agreement with the engine-out results in Chapter 6 (Figure 6.2a) showing that the
oxygenated fuel blends reached steady-state levels faster than RGL. The steady-state
particulate number concentration downstream of the TWC in Figure 7.6a shows,
230

7.2 Results and Discussion
independently of the utilised oxygenated C2 drop-in blend and RGL, values below
6
6.0x10 N/cc, which is almost two orders of magnitude lower than the particulate
number concentration found at the engine-out position for the same group of fuel
8
blends and RGL (Figure 6.2), where the PN ranged between 3.1x10 N/cc (RGL) and
8
1.8x10 N/cc (DEE). The total particle number concentration for the C2 components
6
downstream of the TWC resulted in values between 1.1x10 N/cc with DEE to
6
6
2.9x10 N/cc for RGL, and up to 5.3x10 N/cc with ATA (Figure 7.6a). The order of
the C2 drop-in molecules post TWC varied from the observed order at the engine-out
condition (Figure 6.2a), where the PN concentration of all oxygenated blends was
below the value with RGL only.
Similar observations can be made in the case of the total particle mass concentration (Figure 7.6b), however, as discussed in Chapter 5 with RGL only, the effects
are less pronounced due to the lower trapping and oxidation capability of a TWC
for larger accumulation particles, compared to smaller nucleation mode particles
(Bogarra et al., 2016). The C2 fuel blends, especially DEE and ETH, decreased the
time to reach steady-state values significantly compared to RGL, resulting in almost
constant values downstream of the TWC in less than 50 seconds after engine start,
while more than 100 s were needed for RGL to reach close to steady-state values post
TWC. The total particle mass concentration downstream of the TWC in Figure 7.6b
showed that for the oxygenated C2 fuel molecules, particularly for the ACA and ATA
blend, the lower PM engine-out levels with the oxygenated blends relative to RGL
(Figure 6.2b) did not persist across the TWC, which resulted in an increased total
-4
particle mass concentration downstream of the TWC from 4.4x10 µg/cc with RGL
-3
-3
to 1.6x10 µg/cc and 1.9x10 µg/cc with ACA and ATA respectively. The remaining
oxygenated fuel blends examined in the group of C2 drop-in blends, DEE, ETH and
MAT, showed no significant change in steady-state PM concentration post TWC
-4
-4
compared to RGL with PM values between 3.4x10 µg/cc (DEE) and 7.0x10 µg/cc
(MAT) (Figure 7.6b). This is in comparison to the steady-state engine-out total PM
concentration, where all C2 fuels blends resulted in equivalent or lower PM levels
-3
relative to RGL, which was in a range of 1.7 - 2.9x10 µg/cc for the group of C2
blends tested (Figure 6.2).
The total particle number and mass concentration in Figure 7.7 for the larger
C4 molecule based fuel blends resulted in comparable trends examined in Figure 7.6
with the C2 drop-in fuels.
The total particle number concentration downstream of the TWC during the
light-off period decreased faster for the oxygenated C4 fuel blends than with RGL
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Figure 7.7: Post TWC total (a) PN and
(b) PM concentration of the C4 drop-in
blends plotted for the light-off period against engine run time and the
steady state period against the density of each fuel blend component

(Figure 7.7a), and close to steady-state values were reached roughly 100 seconds after
engine start, except for MBT, where a significantly longer time to approach steadystate conditions was observed downstream of the TWC. A similar trend as observed
for the C2 molecules was found for the PM concentration in Figure 7.7b, with a
distinctly shorter time to reach steady PM levels post the TWC, despite reaching
similar steady-state values, except for the MBT blend, which saw an increased
stabilisation time and higher steady-state values compared to RGL. The levels of
total particle number concentration post TWC for the C4 group was similar to the
6
6
C2 group molecules, ranging from 1.0x10 N/cc for BYE to 5.4x10 N/cc with MBT
(Figure 7.7a). A considerable decrease in PN for both fuel blend groups (C2 and
C4 ) was observed with the ether functional groups (DEE, MTBE), resulting in post
TWC levels reduced by more than 50 % in comparison to RGL, while both alcohol
blends (ETH, BTN) resulted in PN levels similar to RGL. As mentioned for the C2
drop-in molecules, the lower engine-out PN with oxygenated fuel blends relative to
RGL was not present downstream of the TWC, with MBT and BTA showing even
higher PN levels than RGL.
The total particle mass concentration for the C4 group components downstream
-3
of the TWC showed, except for MBT with a PM of 1.3x10 µg/cc, only minor
-4
variations in comparison to RGL with steady-state levels between 3.2x10 µg/cc
-4
and 6.6x10 µg/cc (Figure 7.7b). The engine-out results with the MBT blend (Fig-
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ure 6.5b) already showed an elevated level of PM relative to RGL, which continued
across the TWC with a PM level roughly three times higher than RGL post TWC,
in contrast to the other oxygenated fuel blends of the C4 group, where the equivalent
or lower engine-out total PM concentrations compared to RGL were not existent
post the TWC, especially apparent in the case of the MTBE and BTN blend, where
the engine-out PM levels were half of that from RGL (Figure 6.5b).
The results of the renewable drop-in molecule group showed a broader range of
total particle number and mass concentration downstream of the TWC than observed
for the other oxygenated fuel blends (Figure 7.8).
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On the one hand, MF and MTHF resulted in a light-off and steady-state performance downstream of TWC similar to RGL, only with a significantly faster decrease in
PN and PM concentration (Figure 7.8), as observed with the other oxygenated fuel
blends (Figure 7.6 and 7.7). On the other hand, GVL and LNL showed a distinct
increase post TWC in steady-state total particle number and mass concentration
relative to RGL, as well as a higher degree of fluctuation with time of total particle
number and mass before reaching stabilised values (Figure 7.8). Especially in the
6
case of LNL, which resulted in a PN of 6.3x10 N/cc downstream of the TWC,
6
more than double the 3.0x10 N/cc emitted with RGL, as well as a total particle
-3
-3
mass concentration of 1.3x10 µg/cc compared to 0.4x10 µg/cc with RGL. This
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is in comparison to the engine-out PN and PM levels (Figure 6.8), where all the
oxygenated drop-in blends of the renewable group resulted in reduced steady-state
values in comparison to RGL; however, it should be noted that for LNL no distinct
difference in total PM concentration between engine-out and post TWC could be
determined.
The total particle number and mass trends examined in Figure 7.6, Figure 7.7
and Figure 7.8 suggested, in addition to the difference in the reduction capability of
smaller nucleation mode particles compared to larger accumulation mode particles
across the ceramic TWC, a variation in particle matter levels downstream of the
TWC based on the used oxygenated fuel blend. A potential fuel effect of the utilised
oxygenated drop-in blends on the oxidising and trapping efficiency of a TWC was
further examined on the basis of the particle number size distribution, as well as
the observed particle diameter for nucleation and accumulation mode particles,
downstream of the TWC shown in Figure 7.9, Figure 7.10 and Figure 7.11. The
error bars displayed in each plot represent the geometric standard deviation for each
of the particle diameters measured over 120 s of steady-state engine operation.
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The steady-state size distribution for the group of oxygenated C2 blends in
Figure 7.9a shows that the number of nucleation and especially accumulation mode
particles measured with ACA and ATA downstream of the TWC increased in comparison to RGL. The number of peak nucleation (15 nm - 20 nm) and accumulation
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6

6

mode (50 nm – 80 nm) particles increased from 5.5x10 N/cc to 6.4x10 N/cc and
6
6
6
8.0x10 N/cc for the nucleation mode, as well as 1.8x10 N/cc to 4.1x10 N/cc and
6
3.7x10 N/cc for the accumulation mode, for RGL in comparison to ACA and ATA
respectively. While no significant change between particles number size distribution
was observed with ETH and MAT, DEE showed a significantly lower number of both
particle modes post TWC in relation to RGL (Figure 7.9a), resulting in a reduction
of more than 65 % for nucleation mode and roughly 60 % for accumulation mode
particles. The significant reduction with DEE relative to RGL was consistent with
the PN size distribution results examined at engine-out (Figure 6.3); however, while
the steady-state size distribution with oxygenated fuel blends was lower than with
RGL at engine-out, this was not the case downstream of the TWC, in accordance to
the observation already made for the PN in this Section.
Furthermore, it can be observed from Figure 7.9b that the average size of the
measured particles downstream of the TWC for both modes showed no significant
change in the particle diameter for the nucleation mode, which stayed in the range
of 15 nm and 20 nm. In the case of accumulation mode particles, however, and notwithstanding ACA, there is apparent a general trend of increasing particle diameter
with increasing oxygenate density post the TWC (molecule properties attached in
Table 6.2). At the engine-out condition, no fuel related effect on the particle diameter
was found (Table A.5).
Figure 7.10a shows the particle number size distribution of the C4 group of dropin blends post TWC, from which a significant decrease in the number of particles
with BUO and BYA can be seen, a slight reduction for BTN and MTBE, and an
increase with the MBT and BTA fuel blends relative to RGL. The peak nucleation
and accumulation mode particle numbers of BYA and BUO were reduced across
the TWC by more than 60 % and 50 % respectively, the number of peak nucleation
particles with BTA increased by roughly 20 %, and the peak particle number for
both modes of MBT resulted in a rise of over 70 % and 60 % for the peak number of
nucleation and accumulation mode particles.
As might be expected, the median nucleation particle diameter for each oxygenated C4 blend showed downstream (Figure 7.10b) the same trend as observed
upstream of the TWC (Table A.5). The particle size of the accumulation mode
suggested a similar fuel effect as observed in Figure 7.9b, with the ether resulting in
the smallest accumulation mode particle diameter for the group of C4 blends and,
except for BTA, a trend of increasing particle diameter with double bonded oxygen
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or two oxygen atoms bonded in the individual drop-in molecule.
The particle number size distribution in the group of renewable blending molecules
in Figure 7.11a shows a clear separation regarding the reduction capability of the
examined oxygenated blend compared to RGL. While the two furan derived molecules,
MF and MTHF, cut the number of peak NM particles almost in half, no significant
change in AM particle number was examined. The other two tested oxygenated
molecules in this group, LNL and GVL, resulted in a substantial increase in peak
particle number for the nucleation and accumulation mode. GVL almost doubled the
peak number of NM and AM particles, and LNL more than tripled the peak number
of both modes downstream of the TWC. However, it can be observed in Figure 7.11b
that the median particle diameter of the accumulation mode showed less fluctuation
than examined for the C2 and C4 group resulting in a particle diameter in the range
of 49 nm to 58 nm.
The total particulate number and mass concentration downstream of the TWC
in Figure 7.6, Figure 7.7 and Figure 7.8 clearly showed the high efficiency of the
TWC in reducing NM compared to AM particles, decreasing the engine-out particle
number by more than two orders of magnitudes for all fuels, while the particle mass
-3
was reduced to values below 1.0x10 µg/cc for most of the oxygenated fuel blends
-3
tested, down from a range of 1.5 - 3x10 µg/cc upstream of the TWC. With the
majority of particulate mass attributable to larger accumulation mode particulates,
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the reduction observed across the TWC showed similar trends, independent of the
fuel blend used, as previously reported in the literature (Bogarra et al., 2017; Cho
et al., 2015; Costagliola et al., 2013; Whelan et al., 2013), where a TWC showed
a high efficiency of trapping and oxidising nucleation mode particles. This is in
agreement with the higher efficiency observed in reducing the particulate number
with all fuels, as discussed in the context of results for RGL only and H2 addition in
Chapter 5.
Additionally, it should be noted that the faster stabilisation in PN and PM
engine-out levels after engine start (Figure 6.2, 6.5, 6.8), was generally maintained
across the TWC for the tested oxygenated fuel blends and near steady-state post
TWC levels were reached ahead of the gaseous species light-off. Whelan et al.
(2013) suggested that the conversion of nucleation mode particles in a TWC might
start at temperatures below 100 °C, whereas a significant conversion of CO, THC
and NOX was not observed at TWC inlet temperatures lower than 250 °C, which
indicates a trapping capability of the TWC for small sized particles independent of
the type of fuel, in addition to its increasing oxidation ability with increasing TWC
temperature. However, with increasing brick temperature, the oxidation of smallsized particles potentially becomes the more important reduction route, in comparison
to trapping particles, which might explain why the steady-state particulate mass
(mainly represented by larger particles) for specific oxygenated fuel blends increased
compared to RGL.
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Especially ACA and ATA in the C2 group, MBT in the C4 group, as well as GVL
and LNL in the renewable group of oxygenated fuel blends did not show a significant
variation in steady-state engine-out particulate number and mass compared to RGL
(Figure 6.2, 6.5, 6.8), however, resulted in significantly increased total particle mass
concentration downstream of the TWC (Figure 7.6, Figure 7.7, Figure 7.8) relative
to RGL. The increase in particulate number and mass downstream of the TWC with
these oxygenated fuel blends correlated with the reduced oxidation capability of CO
and THC, discussed in Section 7.2.1 of this chapter, which further points towards a
reduced oxidation capability, potentially due to an increased molar mass and density
of these fuel components, also affecting the oxidation of larger accumulation mode
particles and therefore, increasing the observed steady-state particle mass.
The particle number size distribution and peak particle diameters post TWC
(Figure 7.9, Figure 7.10, Figure 7.11) possibly further strengthen these observations
by highlighting the reduction in nucleation mode particles and shifting of the size
distribution towards larger AM particles, whereas at engine-out the particle size
distribution was dominated by the NM. Furthermore, the particle diameter for
NM and AM post TWC indicated that with the oxygenated fuel blends, larger
accumulation mode particles exited the TWC in comparison to RGL, which could
be beneficial in trapping the larger particles in a subsequent or combined gasoline
particulate filter, a possible way to meet introduced legislation controlling particulates
(Johnson and Joshi, 2018).

7.3

Summary

The results in Chapter 7 presented an investigation of exhaust gas produced by an
engine operating on a variety of oxygenated drop-in blends (20/80 %wt/wt) on the
CO, THC and NOX conversion performance across the TWC-CR, as well as the
impact on H2 and particulate levels downstream of the catalyst.
• The utilisation of oxygenated drop-in blends showed no effect on the H2
levels downstream of the TWC-CR during the light-off period of the catalyst.
As with RGL, the H2 levels reached a minimum roughly 125 s after engine
start. Preceding the minimum, the longer and more complex molecules (C4 and
renewable group) resulted in a more significant increase in H2 levels downstream
of the TWC than shorter C2 blends, without any apparent trend based on
the variation of the functional group. This was suggested to be due to the
higher density of the larger blending molecules affecting the diffusion rates,
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and therefore, influencing the conversion efficiency and increasing the H2 levels
downstream of the TWC.
• The decrease in TWC inlet temperature relative to RGL for the conversion
of a specific amount of CO, THC and NOX with the drop-in molecules of the
C2 group across the TWC-CR, except for MAT and ATA, pointed towards
an increase in conversion capability with the utilisation of these oxygenated
fuel blends. This was attributed to the replacement of longer hydrocarbon
components in RGL with shorter oxygenated molecules, which can be converted
with fewer reaction steps across the TWC.
• With the oxygenated C4 drop-in blends, the beneficial temperature effect of the
C2 group diminished and the TWC inlet temperature resulted in less significant
variations compared to RGL, which was attributed to the longer carbon chains
of the C4 molecules closer resembling the average composition of RGL.
• The cyclic and longer chained oxygenated molecules in the renewable group
increased the TWC inlet temperature for all three gaseous species examined.
This is indicative of a reduction on conversion performance caused by potentially larger hydrocarbons exiting the combustion process, which reduced the
conversion rates for all three emission species.
• A decrease in engine-out particulate number and mass concentrations with
the oxygenated fuel blends utilised in comparison to RGL was not found
downstream of the TWC. The density of each drop-in molecule in relation to
the density of RGL rather suggested an impact on the PN and PM levels post
TWC, which might be attributed to the reduction in TWC oxidation capability
with these drop-in molecules.
• A more significant decrease with PN relative PM concentrations was observed
across the TWC for all oxygenated blends tested, with an inferior fuel effect
on post TWC concentrations based on the drop-in blends utilised. This was
attributed to the trapping, at temperatures below the gaseous species light-off,
and the oxidising capability of the TWC with a more significant impact on
smaller nucleation mode than larger accumulation mode particles.
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Chapter 8
Interaction of Oxygenated Fuel
Blends and Hydrogen Addition on
TWC Conversion Performance
The addition of hydrogen into the exhaust stream of lean-burn combustion engines
has shown to decrease the light-off temperature and increase the temperature range
for conversion reactions of different after-treatment devices as outlined in Chapter 2.
Additionally, the combustion of oxygenated fuel blends in a DI-CI engine suggested
conversion efficiency improvements of a DOC, combined with a reduction in particulate matter emissions (Fayad et al., 2018, 2015). The co-feeding of hydrogen
with butanol as a reductant for HC-SCR of NOX over an Ag/Al2 O3 catalyst showed
beneficial effects in comparison to other reducing species by improving the low
temperature conversion efficiency and widening the operational temperature range
(Herreros et al., 2014a). However, no studies have been found investigating the
effect of H2 addition into the exhaust produced with oxygenated fuel blends on the
conversion efficiency of a TWC.
This chapter presents the results of experiments examining TWC performance
in which a series of oxygenated fuel blends were used to produce exhaust gas into
which hydrogen was introduced at different levels. The oxygenated fuel blends and
H2 levels added were chosen according to the results discussed in Chapter 5 and
Chapter 6.
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8.1

Experimental Method

The fuel molecules utilised as RGL blending components and specifications of the
catalytic converter are detailed, together with the engine and test conditions, in the
following sections.

8.1.1

Apparatus

All experiments described in this chapter were conducted on the modified VW
engine described in Chapter 3, utilising the drive-cycle derived WLTC test condition
outlined in Chapter 4. The gaseous emissions of CO, THC and NOX were recorded
simultaneously up- and downstream of the TWC, while H2 and particulate emissions
were measured in consecutive experiments due to analyser availability.

8.1.2

Fuel Molecules Investigated

A reduced selection of drop-in components, described in Chapter 6, were studied
regarding their impact on the conversion performance across the utilised TWC. Due
to the limited availability of the H2 analyser and the lowest conversion performance
for CO, THC and NOX in their respective fuel group relative to RGL without
H2 addition (Chapter 7), the ester and carboxylic acid functional groups of the
individual C2 and C4 group of oxygenated drop-in blends were disregarded in this
set of experiments. The molecular structure of the components tested and their
relevant properties, including for RGL, are summarised in Table 6.1 and Table 6.2,
respectively. The detailed properties of the final oxygenated fuel blends are attached
in Appendix F. The oxygenated drop-in molecules utilised for each set of experiments
are stated individually in the legend and the description of each result plot.

8.1.3

Three-Way Catalyst Investigated

For the experiments conducted, hydrogen was introduced into the exhaust flow in the
range of 500 ppm to 2500 ppm upstream of the TWC and compared to a reference
condition of no H2 addition. According to the description of the manufacturer, the
commercially available 0.61 L, 400 cpsi, cordierite TWC, with a wall thickness of
roughly 0.15 mm, was coated for Euro VI legislation with 15 g of Pd/Rh/Pt. The
data available for the TWC-CR is summarised in Table 5.1.
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8.1.4

Experimental Conditions

The WLTC test condition was used for each of the tested oxygenated fuel blends,
and a detailed description of the experimental procedure is available in Section 4.5.2.
All experiments were conducted at an engine speed of 1600 rpm, a fuel injection
pressure of 80 bar and the throttle position varied to meet an engine IMEP of 4.7 bar,
with the utilised ECU parameters summarised in Table 5.2. The detailed engine and
test operation conditions for each fuel blend are given in Table 6.3. The processing
of the results for gaseous and particulate pollutants was performed as described in
Section 7.1.4 to avoid any potential obfuscation of fuel effects due to varying TWC
inlet conditions caused by the different oxygenated fuel blends and the variability in
TWC conversion performance. The conversion of the gaseous pollutants CO, THC
and NOX was plotted as a change in inlet TWC temperature required to consume a
certain amount of exhaust species for each fuel blend tested, relative to RGL and
the corresponding H2 addition level. Furthermore, the hydrogen and particulate
emissions are presented as absolute values due to analyser availability, rather than
on a consumption or conversion basis.

8.2

Results and Discussion

All results discussed in this chapter summarise the findings related to the impact
of different levels of hydrogen added to the exhaust stream, generated from the
modified DI-SI research engine operated with a variety of oxygenated fuel blends,
on the conversion performance of the TWC-CR for gaseous exhaust species and
particulates.

8.2.1

Effects on Hydrogen Conversion

Figure 8.1 shows the hydrogen levels downstream of the TWC, in the case of three
fuel blends of the C2 group of oxygenated drop-in components that exemplify the
results found for the majority of the fuel blends and RGL with the addition of up
to 2500 ppm H2 , over the first 500 s of each experiment. The corresponding plots
for the C4 and the renewable group of drop-in blends are attached in Appendix A
(Figure A.7).
It can be observed in Figure 8.1 that for all H2 addition levels, and without
hydrogen, the TWC reached almost complete conversion of H2 between 100 s and
125 s after engine start independently of the type of fuel blend used, consistent with
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Figure 8.1: Hydrogen emissions post TWC for different levels of H2 added upstream
of the TWC into the exhaust stream produced with DEE, ACA, ETH
and RGL plotted over 500 s after engine start
results examined in Chapter 5 (Figure 5.8). As for RGL only, the H2 conversion
reached light-off ahead of the other pollutant conversion reactions, which all occurred
more than 100 s after engine start without H2 addition. No significant difference
between post TWC H2 levels for the oxygenated fuel blends (ETH, ACA, DEE)
and RGL was found throughout the light-off phase of the TWC with increasing H2
addition levels into the exhaust, as was also observed for the different oxygenated
fuel blends without H2 addition in Chapter 7 (Figure 7.2).
The post converter H2 emissions increased almost simultaneously after reaching
a minimum and resulted in similar maximum H2 levels post TWC value depending
on the amount of H2 added upstream of the TWC. The H2 levels downstream of the
TWC exceeded the values added into the exhaust stream, as observed in Chapter 5,
which might be attributable to H2 production across the TWC by the WGS (Ingram
and Surnilla, 2003). Furthermore, it is noteworthy that with increasing time after
engine start (> 250 s) and hence increasing brick temperature, the H2 levels exiting
the TWC started to decrease again before completely stabilising after 400 to 500 s
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run time for all tested fuel blends and RGL. The H2 tailpipe emission plots for the C4
(Figure A.7a) and the renewable (Figure A.7b) group of oxygenated drop-in blends
are attached in Appendix A and showed very similar characteristics in that any fuel
effect appears to be secondary to that of the level of H2 added pre TWC.
The stabilised steady-state H2 levels downstream of the TWC-CR are shown in
Figure 8.2 for the reduced number of fuel blends of the (a) C2 and (b) C4 group,
as well as the (c) renewable group of drop-in blends, in comparison to RGL only.
The values displayed are the average tailpipe H2 emissions after 500 s of stabilisation
and are grouped according to the amount of H2 added upstream of the TWC for
each fuel, with the error bars representing the standard deviation of the steady-state
value over the averaging period of 100 s.
The steady-state hydrogen emissions downstream of the TWC showed a clear
trend towards a higher efficiency of H2 conversion inside the TWC with the oxygenated
fuel blends in comparison to RGL with increasing levels of H2 added (Figure 8.2).
Except for MF, all of the oxygenated blends utilised showed equivalent or decreased
hydrogen emission levels post TWC with increasing levels of H2 added into the
exhaust stream, for example, with the addition of 2500 ppm H2 the steady-state H2
emissions post TWC were reduced by up to 500 ppm with ACA and BUO, compared
to RGL. However, without the addition of H2 into the exhaust stream steady-state
tailpipe emission levels were below 25 ppm for all tested oxygenated blends, except
for GVL with 40 ppm, despite engine-out H2 levels ranging from below 2700 ppm
with MF and MTHF to almost 3100 ppm with ETH for all oxygenated drop-in blend,
in comparison to 2800 ppm with RGL (Section 6.2).
Furthermore, the observed trends in Figure 8.2 for H2 levels downstream of the
TWC-CR changed in relative magnitude with increasing H2 addition levels for the
oxygenated blends in comparison to RGL but still maintained the same trend. This
might be due to other exhaust species based on the utilised fuel limiting the H2
oxidation in a similar way irrespective of the H2 level added upstream of the TWC.
Additionally, it can be seen in the error bars displayed, except for MF, that the
degree of fluctuation in the H2 emissions measured downstream of the TWC increased
with higher addition levels, potentially a result of the increased H2 levels pre TWC
saturating the oxidation promoting active sites on the catalyst surface and reducing
oxygen availability, which leads to the fluctuating H2 engine-out levels, caused by
the lambda perturbation, breaking through the catalyst and measured downstream
of the TWC.
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Figure 8.2: Steady-state H2 emissions downstream of the TWC for different H2
addition levels upstream of the TWC into the exhaust stream produced
with (a) C2 group, (b) C4 group and (c) renewable group fuel blends in
comparison to RGL

8.2.2

Effects on Gaseous Pollutant Conversion

Figure 8.3 shows the change in TWC inlet temperature required when operating the
engine with the oxygenated fuel blends ACA, DEE and ETH (C2 group) to convert
0.6 % CO, 600 ppm NOX and 1200 ppm THC, corresponding to a roughly 50 %
reduction of the average emission levels measured upstream of the TWC, relative to
the temperature required when operating the engine with RGL and the same level
of H2 added to the exhaust.
Figure 8.3 shows that the increase in H2 levels added to the exhaust resulted
for most of the tested oxygenated C2 group blends in a decrease of the TWC inlet
temperature for the conversion of CO, THC and NOX relative to RGL. However,
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Figure 8.3: Change in TWC inlet temperature required for consuming specific
amounts of exhaust species for operation of the engine with ACA, DEE
and ETH relative to RGL operation with the equivalent level of H2
addition
more striking is that the significant decrease in necessary TWC inlet temperature for
the C2 drop-in blends without H2 addition compared to RGL steadily decreased in
magnitude with the increase of H2 addition levels. With 1500 ppm and 2500 ppm of
H2 , the decreasing effect disappeared and, except for NOX reduction with ATA, the
TWC inlet temperature instead suggested an increase in the temperature required
to convert the same amount of exhaust species relative to RGL. It can further be
seen in Figure 8.3 that increasing levels of H2 added to the exhaust stream became
the primary influence on the TWC inlet temperature, obscuring visible fuel blend
effects on the conversion of exhaust species apparent with no H2 added.
It can be seen that the NOX conversion is the least affected by H2 addition, with
a decreased temperature pre catalyst relative to RGL with an equivalent H2 addition
level for all tests except DEE at 1500 ppm. In the case of CO conversion, in contrast,
a significant change between H2 levels below and above 500 ppm can be observed.
For example with ETH, the temperature change in comparison to RGL varied from
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-6 °C to 1.5 °C between 500 ppm and 2500 ppm of H2 added. While the combustion
of ETH with the addition of 500 ppm H2 resulted in increased conversion of CO at a
lower temperature relative to RGL, with the addition of 1500 ppm H2 , and more,
this trend was no longer apparent. ETH displayed overall the most distinct decrease
or lowest increase in pre catalyst temperature for the conversion of the gaseous
pollutant species investigated, even with H2 addition and the apparent reduction in
sensitivity to the fuel composition.
Figure 8.4 summarises the change in TWC inlet temperature to convert the same
amount of gaseous CO (0.6 %), NOX (600 ppm) and THC (1200 ppm) emissions with
increasing levels of hydrogen added upstream of the TWC for the modified group of
C4 drop-in molecules in comparison to RGL with the equivalent H2 addition level.
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Figure 8.4: Change in TWC inlet temperature required for consuming specific
amounts of exhaust species for operation of the engine with BTN, BUO,
BYA, and MTBE relative to RGL operation with the equivalent level of
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Figure 8.4 presents similar trends as seen in Figure 8.3 with one effect of H2
addition being an increase in the TWC inlet temperature required for the conversion
reactions, especially oxidation of CO and THC, with the use of oxygenated blends
relative to that of RGL with an equivalent level of H2 addition. Furthermore, any
possible effect derived from the combustion of the oxygenated fuel blends utilised
without H2 addition was increasingly obscured at higher H2 addition levels. The
longer and more complex structures of the C4 oxygenate molecules, in comparison to
the shorter C2 molecules, generally resulted in a higher temperature required at the
TWC inlet relative to RGL without H2 addition (Figure 7.3, Figure 7.4), and it can
be seen that the magnitude of this rise increased with higher levels of H2 addition.
However, BTN showed a decreasing trend of TWC inlet temperature with increasing H2 addition levels (Figure 8.4). Without H2 added to the BTN exhaust
(0 ppm), the temperature upstream of the TWC for CO and NOX conversion was
almost equivalent to that with RGL and decreased only slightly for THC, but with
increasing H2 levels up to 1500 ppm, a reduction in inlet temperature for all three
pollutant species of up to 4 °C was found and a reduction of up to 6 °C in TWC inlet
temperature for THC with 2500 ppm H2 . The NOX reduction in Figure 8.4 shows
no significant trend with increasing H2 levels and was the least affected species, as
was also observed for the group of C2 blends (Figure 8.3).
Figure 8.5 shows the change in TWC inlet temperature to convert 0.6 % CO, 600
ppm NOX and 1200 ppm THC in comparison to RGL with equivalent levels of H2
added into the exhaust stream for the blending molecules MF, MTHF, LNL and
GVL of the renewable group.
Figure 8.5 shows that in the case of the oxygenated blends from the renewable
molecule group, in general, there was a significant increase in inlet temperature,
especially for GVL and LNL. It can also be seen that increasing the level of H2 added
did not have a significant effect on the pre TWC temperatures necessary discernible
beyond the effect of the oxygenated fuel blends. The utilisation of GVL and LNL
and increasing H2 levels resulted in a considerable increase relative to RGL in the
temperatures required for all three examined conversion reactions, ranging from less
than 2 °C with 500 ppm H2 for NOX reduction to more than 15 °C for CO oxidation
with 1500 H2 added. In contrast to GVL and LNL, the MF and MTHF blends
showed a less significant increase of TWC inlet temperature for the conversion of CO,
THC and NOX . Except for the conversion of THC with 1500 ppm H2 , the oxidation
of CO and THC with the MF and MTHF blends resulted in changes in the TWC
inlet temperature at all H2 addition levels similar to those with RGL. The most
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LNL and GVL relative to RGL operation with the equivalent level of H2
addition
distinct decrease in the temperature required for NOX reduction (3 °C) was found
with the introduction of 500 ppm H2 .
The temperature trends seen in Figure 8.3, Figure 8.4 and Figure 8.5 generally
maintain the fuel effects described in Chapter 7, even for increasing H2 addition levels.
A correlation between the TWC inlet temperature for the conversion of a certain
amount of exhaust species and the complexity of the fuel blend utilised, in which
shorter and less complex molecules (C2 group) showed a lower impact of increasing H2
levels than more complex and longer molecules (C4 group and renewable group). This
is in agreement with the suggestions made in Section 7.2.2, where larger, more complex
molecules result in a reduced reactivity of the main molecule structure, which might
extend the process of breaking down those hydrocarbons on the catalytic surface
(Boot et al., 2017). However, the fuel blend effects observed of decreasing TWC inlet
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temperature without hydrogen addition (Chapter 7), especially for the oxygenated
C2 drop-in blends, appear to have been overwhelmed by the increasing H2 addition
levels, with H2 becoming the primary influence on the conversion performance of the
TWC, specifically with H2 levels above 1500 ppm.
It can be seen in Figure 8.3, Figure 8.4 and Figure 8.5 that the CO and THC
oxidation were more affected by higher fuel molecule complexity and increasing H2
addition levels than NOX reduction. The significant impact of increasing H2 levels on
the oxidation reactions is potentially caused by the competing adsorption of H2 , CO
and THC for the same oxidation promoting active sites in the washcoat (Salomons
et al., 2006), hence, higher levels of H2 would result in a reduced number of active
sites available for oxidation. The increase in TWC inlet temperature necessary with
larger oxygenated fuel molecules, from the C2 to the C4 fuel blends in comparison to
RGL, was more significant for CO than THC conversion, and increasing levels of
H2 diminished any apparent decrease in necessary temperatures for both oxidation
reactions except the BTN blend, which resulted in a decreasing temperature with
increasing H2 levels.
Herreros et al. (2014a) reported a synergetic effect of butanol as a reducing
agent in HC-SCR, with H2 addition further improving low temperature conversion
performance; however, the results were observed over an Ag/Al2 O3 catalyst in a lean
exhaust environment. The more significant impact on the TWC inlet temperature
for CO compared to THC oxidation with larger blending molecules (C2 to C4 )
might be partially attributed to the conversion process of larger THC molecules,
which increases the possibility of not fully oxidising the available hydrocarbons and
producing CO across the TWC. The NOX reduction was the conversion reaction
least negatively affected by larger blending components and increasing H2 levels, as
discussed in Chapter 5, both direct and indirect reduction of NOX by H2 might be
expected, with only the latter route likely to be influenced by the composition of
THC present in the exhaust.
Furthermore, the overall increased competition for available oxygen with the
additional H2 leads to more species available for NOX reduction, to which the lower
sensitivity of NOX reduction might be attributed. The considerably higher molecular
mass of the molecules in the group of renewable blends, specifically GVL and LNL
(Figure 8.5), might have caused the increase in TWC inlet temperature as discussed
in Chapter 7 without the addition of H2 , a trend which persisted with increasing
H2 levels. It has been reported that the engine-out emissions of MF and MTHF
blends do not vary drastically from those of commercial 95 octane gasoline (Hoppe
et al., 2016b; Talibi et al., 2017; Thewes et al., 2011), which might explain the less
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significant differences in TWC inlet temperature for all H2 addition levels. Overall,
the two alcohol blends ETH and BTN (Figure 8.3 and Figure 8.4) showed the most
significant decrease in inlet temperature with increasing H2 addition, maintaining a
higher conversion with lower TWC inlet temperature relative to RGL, potentially
attributable to the production of intermediates with the use of alcohol fuel blends
favourable to oxidation as discussed in Chapter 7 (Bogarra et al., 2017; Boot et al.,
2017), the effects of which were not diminished by increasing H2 addition levels.

8.2.3

Effects on Particulate Reduction

Figure 8.6 shows the total (a) PN and (b) PM concentration downstream of the
TWC-CR for the oxygenated fuel blends DEE, ACA and ETH of the C2 group
relative to RGL and increasing H2 addition levels plotted for 300 seconds after engine
start, with each data point shown the average particulate measurement over the
preceding 10 seconds. The first 25 s after engine start are not displayed due to a
high fluctuation in post TWC values caused by the open-loop start-up procedure
(see Section 4.5.2).
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Figure 8.6: Post TWC total (a) PN
and (b) PM concentration of ETH, ACA and
DEE in comparison to RGL plotted for the light-off period with increasing
levels of H2 added upstream of the TWC

It can be observed in Figure 8.6a that the total PN concentration was not
significantly affected by increasing levels of H2 added upstream of the TWC-CR.
The tailpipe PN concentration stabilised 300 s after engine start within a range of
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6

6

1.0x10 N/cc and 5.0x10 N/cc for all tested oxygenated fuel blends and H2 addition
levels, a decrease of almost two orders of magnitude compared to engine-out PN
8
8
concentrations with ranged from 3.1x10 N/cc with RGL to 1.8x10 N/cc with DEE.
The DEE fuel blend, where the lowest tailpipe PN levels without H2 addition were
found, showed a slight increase in PN with increasing H2 levels, resulting in an
6
6
increase of total PN concentration from 2.6x10 N/cc to 3.7x10 N/cc 300 s after
engine start. Contrarily, ACA, with the highest post TWC PN levels without H2
addition of the fuel blends utilised in Figure 8.6a, resulted in a decrease of total
PN concentration downstream of the TWC-CR with increasing H2 addition levels
upstream of the TWC. The total PN concentration for ACA decreased downstream
6
6
of the TWC by up 2.0x10 N/cc with the addition of 2500 ppm H2 from 4.7x10 N/cc
with 0 ppm of H2 added. RGL and ETH resulted in PN concentrations post TWC
in between the values for DEE and ACA, with increasing levels of H2 resulting in no
significant change to the observations made without the addition of H2 in Figure 7.6.
The total PM concentration post TWC shown in Figure 8.6b followed a similar
trend regarding the effect of increasing H2 levels with the utilised oxygenated fuel
blends as observed for the total PN concentration in Figure 8.6a. The ACA blend
also resulted in the highest PM levels downstream of the TWC-CR without the
addition of H2 , and the introduction of H2 decreased the tailpipe PM levels by up to
-3
1.0x10 µg/cc. No considerable change was observed for the other tested oxygenated
fuel blends and RGL with the introduction of increasing levels of H2 added pre TWC
(Figure 8.6b).
The oxygenated fuel blends of the C4 and the renewable group showed a similar
behaviour for the total PN and PM concentration downstream of the TWC with
increasing levels of H2 added to the exhaust as described in Figure 8.6 and are
included in Appendix A (Figure A.8 and Figure A.9b). However, the trends were of
a lower magnitude in absolute PN and PM change than found with the C2 group,
analogous to the results discussed Chapter 7 without the addition of H2 , where the
larger drop-in molecules of the C4 and the renewable group showed less variation
compared to RGL, potentially due to the closer resemblance of the drop-in molecules
to the composition of RGL. Only in the case of GVL and LNL (Figure A.9b), as
already discussed in Figure 7.8 without H2 addition, the variation in tailpipe PN
and PM levels in comparison to RGL also persisted with increasing H2 levels, but no
consistent increase or decrease could be observed. The absolute changes in total PN
and PM concentration were in a similar range with increasing levels of H2 addition
as those discussed in Figure 8.6 with ACA and DEE as part of the C2 group.
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With the majority of PM attributable to larger accumulation mode particulates,
the effect of increasing levels of H2 on the reduction across the TWC-CR for RGL and
the oxygenated fuel blends was not as significant as the effect on the PN, highlighting
again the more pronounced effect of the TWC on oxidising and trapping nucleation
mode particles (Bogarra et al., 2017; Cho et al., 2015; Costagliola et al., 2013; Whelan
et al., 2013). The H2 introduced acted as an additional oxygen consuming species,
and therefore, resulting in a more pronounced effect on the total PN than PM
concentration. Furthermore, if the PN levels had already reached low tailpipe PN
levels, as in the case of DEE, increasing H2 levels raised tailpipe PN levels, potentially
due to reduced availability of oxygen to oxidise nucleation mode particles. In the
case of higher total PM levels, as in the case of ACA, GVL or LNL, the exothermic
energy introduced through H2 oxidation could potentially improve the breaking down
process of larger accumulation mode particles, leading to a decrease in total PM
concentration with increasing H2 levels.
Figure 8.7 shows the effect of increasing H2 addition levels on the steady-state
total particulate number and mass concentration downstream of the TWC-CR for
DEE, ACA and ETH (C2 group of drop-in molecules), with each data point present
averaged over 120 s after the stabilisation of tailpipe levels.
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It can be seen in Figure 8.7 that the addition of H2 into the exhaust stream
increased the steady-state total PN and PM concentration for the C2 oxygenated
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fuel blends tested and RGL, except for the ACA 0 ppm H2 test point which was
outside the overall trend. Furthermore, H2 addition showed a greater impact on
the total PN (Figure 8.7a) than on the PM (Figure 8.7b) tailpipe concentration.
6
The steady-state total PN levels increased for DEE and ETH by 1.5x10 N/cc and
6
1.3x10 N/cc respectively with the addition of 2500 ppm compared to no extra H2 ,
6
similar to the increase of 1.3x10 N/cc observed for RGL only. The changes in total
PM concentration (Figure 8.7b) for DEE, ETH and RGL were all in a range below
-4
1.5x10 µg/cc with H2 addition levels of 0 ppm to 2500 ppm, with the 0 ppm ACA
value again significantly higher as described for the PN. The steady-state PN and
PM concentrations post TWC for the C4 group of drop-in molecules followed the
same overall trends of increasing steady-state PN and PM tailpipe emissions with
increasing H2 levels as observed for the C2 group (Figure 8.7b). The plots for the C4
group are shown in Figure A.10 attached in Appendix A.
The total PN and PM concentration for the renewable group of drop-in molecules,
shown in Figure 8.8, resulted in a similar increase of steady-state tailpipe emissions
with increasing H2 levels for MF and MTHF as seen with RGL only, and a more
significant increase for LNL and GVL.
0 p p m

5 0 0 p p m

1 5 0 0 p p m
3 .0

R G L

A C A

D E E

/c c ]

1 5 0 0

E T H

2 .5

[m g x 1 0

-3

1 2

1 2 5 0
8
6
4
2

1 0 0 0

T o ta l p a r tic le m a s s

1 0

H y d ro g e n [p p m ]

T o ta l p a r tic le n u m b e r [N x 1 0 6 /c c ]

1 4

2 5 0 0 p p m

7 5 0

5 0 0

2 5 0
0
R G L

M T H F

2 .0

1 .5

1 .0

0 .5

0 .0

L N L

M F

R G L

G V L

M T H F

L N L

M F

G V L

(b)

(a)0
R G L

2 1

3 5

7 8

B o i l i and
n g p o (b)
i n t [ PM
° C ] concentration downstream of the
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While the increase in total PN (Figure 8.8a) and PM (Figure 8.8b) concentration
6
-4
for MF, MTHF and RGL stayed in a range of 1.5x10 N/cc and 1.4x10 µg/cc
between the highest and lowest value for the increasing levels of H2 added upstream
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of the TWC, similar to the observation made with the C2 and C4 group, the PN
6
6
and PM levels for LNL and GVL increased by 6.4x10 N/cc, 4.7x10 N/cc and
-3
-4
1.1x10 µg/cc, 5.4x10 µg/cc respectively downstream of the TWC-CR with 2500
ppm of H2 , compared to no additional H2 .
The total particulate number and mass concentrations downstream of the TWCCR at steady-steady state conditions showed, except for the outlier at 0 ppm with
the ACA blend, that increasing levels of H2 added to the exhaust had no beneficial
effect on the PN and PM concentrations post TWC, independently of the utilised
oxygenated fuel blend. The additional H2 increased the competition for available
oxygen on the catalyst surface and therefore, potentially caused the observed rise
in tailpipe particulate levels. The increase or decrease in steady-state PN and PM
levels predominantly resulted from varying the oxygenated molecules in the fuel
blend, in comparison to RGL only, as discussed in Figure 7.6 to Figure 7.8; and the
effect persisted downstream of the TWC even with the addition of increasing H2 levels.
The steady-state accumulation mode particle diameter downstream of the TWCCR is shown in Figure 8.9 for (a) DEE, ACA and ETH (C2 group of drop-in
blends) and (b) MTHF, LNL, MF and GVL (renewable group of drop-in blends) in
comparison to RGL for increasing H2 addition levels, averaged over 120 s of each
experiment after stabilisation. A similar trend was observed for the group of C4
molecule blends and is shown in Figure A.11 attached in Appendix A.
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Figure 8.9: Steady-state AM particle
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TWC-CR for different levels of H2 added
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8.2 Results and Discussion
It can be observed in Figure 8.9 that, except for LNL and GVL in Figure 8.9b,
increasing levels of H2 added to the exhaust stream of RGL and the oxygenated
fuel blends utilised resulted in a reduction of the steady-state AM particle diameter.
Especially noteworthy in Figure 8.9 is that the initial introduction of 500 ppm of
H2 showed the most significant decrease in AM particle size, and with higher H2
addition levels the effect on particle diameter reduction decreased. The particle
diameter for RGL in Figure 8.9 was reduced by 8.5 nm with 500 ppm H2 added,
down from 49.2 nm without the addition of H2 , and further reduced by only 1 nm
with the addition of 1500 ppm and 2500 ppm of H2 . The AM particle diameters of
DEE, ACA and ETH (Figure 8.9a) decreased from 56.9 nm, 57.4 nm and 80.9 nm
respectively without H2 addition to 50.4 nm, 47.9 nm and 68.4 nm with 500 ppm
of H2 added, which were only reduced by another 1.8 nm, 3.3 nm for DEE, 3.2 nm,
1.2 nm for ACA and 4.9 nm, 2.2 nm for ETH with the addition of 1500 ppm and
2500 ppm H2 respectively.
The group of renewable drop-in blends in Figure 8.9b shows similar trends in
reduction for the steady-state AM particle diameter with MTHF and MF, resulting
in a decrease of 8.5 nm and 8.2 nm with 500 ppm of H2 from 58.3 nm and 53.3
nm without H2 added, and reduced effects with increasing H2 levels. However, the
LNL and GVL blends did not follow the same observed trends (Figure 8.9b) with
GVL resulting in a decrease of 3 nm with 2500 ppm of H2 added compared to 0
ppm H2 , a reduction still within the range of the standard deviation. No significant
change in AM particle diameter for LNL was observed with 500 ppm of H2 added,
while the addition of 1500 ppm H2 increased the particle diameter by 3.3 nm and
2500 ppm decreased the size by 4.9 nm compared to the baseline of 58.1 nm without
H2 addition.
The steady-state total PN and PM concentration trends downstream of the
TWC-CR in Chapter 7 (Figure 7.6 – 7.8), without H2 addition, persisted with
increasing H2 addition levels and the examined oxygenated fuel blends. However, no
synergy between the additional H2 and the drop-in blends was found, resulting in
an increase of PN and PM levels with increasing H2 levels for the same fuel blend.
Additionally, as described in Chapter 5 with RGL only, the PN concentration was
impacted to a greater extent downstream of the TWC-CR than the PM due to
its higher oxidation and trapping capability for smaller nucleation mode particles.
Consequently, increasing levels of H2 introduced an additional competitor for the
available oxygen inside the TWC and therefore impacted smaller sized particles (PN
shown in Figure 8.7a, 8.8a, A.10a) to a greater extent than the larger particles (PM
shown in Figure 8.7b, 8.8b, A.10b) and resulted in an increase in tailpipe levels.
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8.3 Summary
Similarly to the total PN and PM concentration, the steady-state AM particle
diameter (Figure 8.9, Figure A.11) showed that the differences in particle diameter
post TWC with the utilised oxygenated fuel blends in comparison to RGL did not
change with increasing H2 levels, but an almost parallel decrease in particle diameter
for all fuel blends was observed (except LNL and GVL). The most substantial
decrease in particle diameter was found with the initial introduction of 500 ppm
H2 , and a less significant decrease with higher H2 levels. This might be attributed
to the increase in steady-state PN levels downstream of the TWC with increasing
H2 levels, which shifted the average calculated AM particle diameter rather than
actually enhancing the oxidation of larger AM mode particles.

8.3

Summary

Chapter 8 presented the results of experiments with exhaust gas produced by
varying oxygenated drop-in blends (20/80 %wt/wt) and increasing levels of H2 added
upstream of the TWC-CR on the CO, THC and NOX conversion performance, as
well as the influence on H2 and particulate levels downstream of the catalyst.
• The combination of oxygenated drop-in blends as engine fuel and increasing H2
addition upstream of the TWC-CR was observed to have no additional impact
on the H2 levels downstream of the TWC than those discussed with RGL only.
H2 emission reached a minimum post TWC, independent of fuel blend and H2
addition level upstream of the TWC, followed by an increase in H2 levels with
varying maxima based upon the H2 addition level, before the post TWC values
stabilised. Fuel blend based steady-state tailpipe H2 levels were reached, which
increased without changing the original trend relative to RGL with increasing
H2 addition levels.
• The changes in TWC inlet temperature for the conversion of CO, THC and
NOX based on the fuel composition without H2 addition was obfuscated with
increasing levels of H2 added upstream of TWC-CR. H2 became the primary
influence on the temperature required, which affected the oxidation reactions a
more significant extent than the reduction reactions, similar to observations
made with RGL only. The fuel effects observed with larger drop-in molecules
on the required TWC inlet temperature for a specific conversion reaction was
intensified through H2 addition.
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8.3 Summary
• A reduced TWC inlet temperature for the alcohol fuel blends with increasing
levels of H2 was observed, attributed to the production of intermediates favourable to oxidation across the TWC, which was maintained even with increasing
H2 addition levels.
• Fuel composition was observed to be of more considerable significance in
determining the levels of PN and PM downstream of the TWC than the
addition of H2 by defining the engine-out concentrations, with H2 addition
mainly affecting the PN concentration post TWC by influencing the capacity
for oxidation of small NM particles.
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Chapter 9
Conclusions and Future Work
9.1

Conclusions

This chapter serves as a recapitulation of this research project by outlining the most
important findings of the experimental studies conducted in relation to the defined
research questions in Chapter 2 (Section 2.5.2), followed by a summary of these
conclusions and recommendations for future work.

9.1.1

Influence of Hydrogen Addition on TWC Performance

Concerning to the first research question:
How does the addition of hydrogen into a stoichiometric exhaust environment
upstream of a three-way catalyst impact the conversion performance for legislated
emissions?
The main findings of the experimental investigation for the TWC-CR to answer
this research question can be summarised as follows:
• The addition of hydrogen to the stoichiometric exhaust environment of a DI
gasoline engine can significantly improve the light-off time and temperature for
the legislated gaseous species CO, THC and NOX . The gradient of the light-off
oxidation rates changed when a threshold H2 addition level was exceeded.
• A decreasing trend in achievable maximum steady-state conversion rates with
increasing H2 addition levels was observed at a fixed lambda; however, ECU
lambda changes shifted the cross-over for oxidation and reduction reactions
to leaner engine operation, hence lower fuel consumption, by enriching the
exhaust environment downstream with increasing H2 addition levels.
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9.1 Conclusions
• Hydrogen levels downstream of the TWC decreased to a minimum after engine
start independently of the H2 levels added in this work. The maximum and
steady-state values downstream of the TWC were found to increase with
increasing addition levels.
• Particulate concentrations downstream of the TWC stabilised faster after
engine start with increasing H2 levels, but no significant impact of H2 addition
on particulate levels was found.
Regarding different TWC’s and engine operation conditions, the predominant
effects can be summarised as follows:
• Low H2 addition levels can have a more significant impact on the light-off time
at lower of engine speeds, hence, lower exhaust flow rates through the converter,
attributable to the slower warm up process and the energy introduced with H2
oxidation having a more distinct effect.
• A more significant increase in light-off performance for gaseous emission species with the metal-foil TWC was found with the addition of low H2 levels,
attributable to the smaller wall thickness and lower heat capacity relative to
the ceramic TWC, which resulted in a faster warm up of the entire catalytic
brick.
• The large ceramic TWC resulted in similar light-off temperature reductions
observed for the smaller ceramic TWC at the same engine conditions and H2
addition levels, potentially due to the fact that the low levels of H2 added were
converted in the first part of the TWC without using the additional volume
and therefore showing analogous performance in the same environment.

9.1.2

Impact of Oxygenated Fuel Blends on Engine-out Emissions

With respect to the second research question:
What are the impacts of varying oxygenated fuel blends on the engine-out emission
levels?
The main impacts regarding the this research question can be summarised with
the following points:
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9.1 Conclusions
• The CO and THC engine-out emissions showed a correlation with lower THC
levels relative to RGL, resulting in higher CO levels and vice versa. Drop-in
molecules with boiling points below the majority of RGL components (> 80 %
evaporated at 150 °C) reduced through better evaporation, and therefore
mixture preparation, the THC levels, which increased the CO emissions due to
a higher level of incomplete combustion, while higher boiling point molecules
showed the opposite trend.
• NOX engine-out levels, predominantly dependant on the temperature inside
the combustion chamber and the length of the high temperature period, were
directly related to the in-cylinder peak pressure and heat release rate, which
decreased with a decreasing LHV of the drop-in molecule. The larger variability
of the LHV in the C2 group, in comparison to RGL, than in the C4 and the
renewable group, immediately translated into a higher variability in NOX
engine-out emissions.
• The engine-out particulate number and mass concentrations with the utilised
oxygenated fuel molecules decreased significantly faster and reached stable
conditions after engine start compared to RGL. The difference between the
oxygenated fuel blends and RGL reduced at steady-state conditions, with the
PN showing a more significant reduction than the PM concentration, potentially
attributed to a reduction in soot precursor due to the fuel bound oxygen, as
well as a reduced sooting tendency through the partial replacement of aromatics
in the fuel with components which have a lower sooting tendency.
• The enforced lambda perturbation and the basis of 80 % gasoline in each fuel
blend might have obscured potential engine-out fuel effects and made functional
group influences of each drop-in molecule harder to distinguish outside the
existing variations of the setup.

9.1.3

Effect of Oxygenated Fuel Blends on TWC Performance

Concerning the third research question:
How are the changes in the exhaust composition with varying oxygenated fuel
blends affecting the conversion performance of a three-way catalyst?
The following findings from the experimental investigation for legislated emissions
downstream of a TWC contribute to the research question above:
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9.1 Conclusions
• Shorter drop-in components suggested a positive effect on the TWC conversion
performance, which reduced with larger and cyclic molecules as blending
components. This was attributed to an increased amount of intermediate
exhaust species exiting the combustion process, which are closely related to
the drop-in component and potentially easier to convert than the gasoline
components replaced.
• The carboxylic acid molecule of each group resulted in a significant reduction
in conversion efficiency and therefore, an increase in temperature required for
the conversion of a specific amount of each examined emission species. With
the highest density of the molecules in each group, intermediate and leftover
components from the combustion process are potentially harder to convert on
the catalytic surface than the other molecules of each group.
• Particulate levels downstream of the TWC stabilised after engine start significantly faster with most oxygenated fuel blends compared to RGL, an effect
which potentially persisted through the TWC from the faster stabilisation at
engine-out. The specific oxygenated fuel blend utilised showed only a secondary
effect on the PN and PM concentrations downstream of the TWC, relative to
the high reduction and trapping potential of the TWC irrespective of the fuel
type.

9.1.4

Synergies between H2 Addition and Oxygenated Fuel
Blends

As to the fourth research question:
Are there potential synergy effects between oxygenated fuel blends and the addition
of hydrogen to the exhaust on the conversion performance of a three-way catalyst?
The following statements summarise the main findings regarding this research
question:
• H2 addition can significantly improve the light-off time and temperature for the
legislated gaseous species CO, THC and NOX , independently of the fuel utilised
to operate the engine. The light-off impact of H2 decreased with increasing
H2 levels, and visible fuel effects without additional H2 were obfuscated with
increasing H2 addition levels.
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9.1 Conclusions
• Independently of the fuel type used and H2 levels added, H2 levels downstream
of the TWC decreased to a minimum after engine start. All oxygenated
fuel blends tested maintained the same maximum and steady-state values
downstream of the TWC, compared to RGL, and were found to increase with
increasing addition levels.
• Both alcohol blends suggested an increasing conversion performance with
increasing H2 addition levels by decreasing the temperature necessary to convert
a specific amount of gaseous species in comparison to RGL. This was attributed
to conversion promoting intermediates created through alcohol combustion,
which was accompanied by the H2 addition.
• No significant impact of H2 addition and the utilisation of oxygenated fuel
blends on particulate levels downstream of the TWC was found, apart from
the findings reported with RGL only (Section 9.1.1).

9.1.5

Summary of Conclusions

The experimental studies analysed in this work have shown that hydrogen addition
to the stoichiometric exhaust environment of a DI gasoline engine upstream of a
commercial TWC can significantly improve the light-off time and temperature for
the legislated gaseous species CO, THC and NOX , with a decreasing light-off impact
with increasing H2 addition levels, which also impacted the achievable steady-state
conversion rates. Additionally, particulate concentrations downstream of the TWC
stabilised faster after engine start with increasing H2 levels, without a substantial
impact on the steady-state particulate levels.
Several oxygenated drop-in blends, at potential future blending levels, showed a
combustion and emissions formation behaviour comparable to RGL, with a beneficial
effect of maintaining or increasing conversion performance of the TWC utilised. A
more significant decrease in the TWC inlet temperature required was found with
shorter molecules, which increased with increasing molecule complexity. All of the
oxygen containing drop-in molecules tested decreased the particulate engine output,
which became less significant downstream of the TWC due to the considerable
trapping and oxidising capability of the TWC, irrespective of the fuel.
The combination of H2 and alcohol containing oxygenated fuel blends suggested
potential synergies based on reduced TWC inlet temperature relative to RGL. The
understanding gained of the influence of H2 addition and the utilisation of oxygenated
fuel blends on the conversion behaviour of a TWC shows that a variety of oxygenated
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9.2 Recommendations for Future Work
fuel molecules are viable gasoline replacements candidates and H2 could help reduce
tailpipe emissions in commercial environments.

9.2

Recommendations for Future Work

This work explored the impact of increasing levels of hydrogen added to the exhaust
stream of a GDI engine on the performance of a commercial TWC and has identified
decreasing trends regarding the light-off time and temperature (Chapter 5). Especially
the low temperature NOX improvement with increasing H2 levels requires further
investigation regarding the selectivity of the NOX reaction to ensure a N2 selective
conversion path. While simplified adiabatic heat calculations suggested an impact of
changes in the stoichiometric H2 level of gasoline exhaust other than the additional
exothermic benefit, more precise surface temperature measurements in a reduced
brick environment, with reduced heat losses and better heat distribution, would be
necessary for an increased understanding. This could be complemented by kinetic
simulations with specific washcoat compositions in mind to provide additional inside
into the effect of H2 addition on TWC performance, which could help to design
catalysts for the utilisation of the "H2 effect".
Furthermore, even in the case of solely thermal gain from H2 oxidation and no
chemical impact on reaction rates, it would be of interest to assess the thermal impact
of H2 on the light-off performance, in comparison to commonly utilised methods in
commercial LDV calibration for a faster TWC light-off, such as mixture enrichment
and late ignition, as well as potential additional benefits of employing a metal-foil
instead of a ceramic TWC. Additionally, due to increased competition for available
oxygen with increasing H2 levels, the ideal amount of H2 added, in combination
with the injection pattern during exhaust gas transience, would need to be further
investigated to maintain the high conversion efficiencies of state-of-the-art TWC’s.
The positive impact of oxygenated fuel blends in Chapter 7 on the TWC inlet
temperature was found to be sensitive to the length and complexity of the drop-in
component utilised. Experiments examining increasing blending ratios or singlecomponent combustion of the most beneficial oxygenated drop-in molecules would
create further insight into how these components improve TWC performance. This
could help to define potential future fuel blending molecules and drive legislation
processes.
The lambda perturbation and unchanged fuel injection system, as well as the 80 %
gasoline basis for each blend, might have masked potential fuel effects. The significant
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changes in the component properties with the different functional groups, combined
with the commercial operation mode, made it harder to detect drop-in molecule
effects based on the functional groups. A reduced amount of variable parameters
could help identify individual fuel effects, for example, single component experiments
without an enforced lambda perturbation or a more stable starting procedure with
the help of an eddy current dynamometer. In addition, a hydrocarbon speciation, as
well as the identification of nitrogen containing species, up- and downstream of the
TWC, would be helpful to understand the impact of intermediate species formed
with the utilisation of the oxygenated fuel blends further.
The noticeable effect of increasing H2 addition levels into the exhaust environment
produced with the BTN blend on the temperature required for emission conversion
in Chapter 8, in distinct contrast to the trends observed with the other blends,
was not repeated due to analyser and TWC availability. Further repetitions in a
similar or less dynamic exhaust environment are inevitable for additional output
or conclusions. Additionally, predications regarding durability requirements of the
engine, the injection system and the catalytic converter with hydrogen addition
and the oxygenated fuel blends utilised would need to be thoroughly examined in
separate experiments.
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Appendix A
Additional Results
A.1

Addition to Chapter 1
Table A.1: Comparison of NEDC and WLTC cycle properties
Cycle properties
Top speed
Cycle duration
Approx. distance
Standing time
Ø driving speed

NEDC

WLTC

Difference

120 km/h

131.3 km/h

+ 9.4 %

1180 s

1800 s

+ 52.5 %

10921 m

23266 m

+113.0 %

254 s

225 s

- 11.4 %

21.5 %

12.5 %

- 41.9 %

33.3 km/h

46.5 km/h

+ 9.4 %

(w standing time)
Max. acceleration

1.04 m/s

Ø acceleration

0.45 m/s

2
2
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1.58 m/s
0.40 m/s

2
2

+ 51.8 %
- 12.1 %

A.2 Addition to Chapter 3

A.2

Addition to Chapter 3
Table A.2: Exhaust analyser measurement ranges and span gas values
Species

Horiba 1

Horiba 2

Span gas

CO (high range)

[%]

10

10

5

CO2

[%]

20

16

16

O2

[%]

25

5

20/5

CO (low range)

[ppm]

–

1000

1000

THC

[ppm]

10000

5000

4000

NOX

[ppm]

5000

5000

5000

267

268

CAM signal

Crank signal
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Figure A.1: Software feature to establish synchronisation between the crank and cam signal
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Figure A.2: Light-off λ readings upstream of the TWC
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A.4
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(a-ii)

(a-i)
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Low-Speed

NOx conversion rate [%]

THC conversion rate [%]

CO conversion rate [%]
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Figure A.3: Effect of H2 addition on the TWC-CR light-off curves of (a) CO, (b)
THC and (c) NOX for the (i) Low-Speed and (ii) WLTC test condition
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Figure A.4: Effect of H2 addition on the TWC-MF light-off time and temperature
curves of (a) CO, (b) THC and (c) NOX for the (i) Low-Speed and (ii)
WLTC test condition
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Figure A.5: Effect of H2 addition on the TWC-CR light-off curves for O2 conversion
at the WLTC test condition
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Figure A.6: Effect of H2 addition on the TWC-VW light-off time of (a) CO, (b)
THC and (c) NOX for the WLTC test condition
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0.04

0.30

0.13
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1.34

13.6

11.1

72.0

100

THC

NOX

H2
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CO2

H2 O

N2
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7.675

5.315

0.527

1.582

0.113

0.002

0.011

0.035

0.91

[g/s]

1.00

0.6925

0.0687

0.2061

0.0147

0.0002

0.0014

0.0045

0.0119

[-]

–

28.01

18.02

44.01

32.00

2.02

30.01

44.00

28.01

[g/mol]

Molar
mass

0.2637

0.1897

0.0293

0.0359

0.0035

0.0008

0.0004

0.0008

0.0033

[mol/s]

Molar
flow rate

100.0

72.2

11.2

13.8

1.04

0.11

0.12

0.30

1.16

[%]

Concentration

0.2637

0.1905

0.0295

0.0365

0.0027

0.0003

0.0003

0.0008

0.0031

[mol/s]

Molar
flow rate

Outlet

7.52x10

-4

2.51x10

-4

5.46x10

-4

-8.04x10

-4

-5.09x10

-4

-3.99x10

-5

-8.38x10

-6

-1.89x10

-4

[mol/s]

∆Molar
flow rate

0.11
0.72

N2

30.42

34.38

51.13
0.00

0.01

0.00

b

-240000

-420000

-1470000

c

0

0

0

d

31.144

37.593

49.157

cp [J/molK]

0.1950

–

–

–

–

0.1231

0.0023

0.0161

0.0535

[kJ/s]

∆Hf

The adiabatic temperature calculations shown in Table A.3 result in ∆Hf = 195 [J/s], together with the heat capacity calculation
cp = 33.51 [J/mol K] in Table A.4 and the average molar flow rate of 0.2637 [mol/s], the adiabatic temperature increase results in
∆T = 22.07 [K] with the considered reactions. The H2 addition of 500 ppm, 1500 ppm and 2500 ppm on the inlet side of the
calculation resulted in a ∆T increase of 3 K, 7 K and 11 K respectively.

0.14

CO2
H2 O

a

Heat capacity cp

–

–

–

–

-242

-57

-1926

-283

[kJ/mol]

∆hreac

Table A.4: Heat capacity calculation for exhaust gas (Salomons, 2008)

12.4

8.92

1.38

1.69

0.17

0.04

0.02

0.15

[l/s]

Mass
fraction

Inlet

Volumetric Mass
flow rate flow rate

1.23

[%]

Concentration

CO

Species

Table A.3: Example for adiabatic temperature calculation
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Table A.5: Specification of NM and AM particle diameter for all oxygenated drop-in
blends and RGL

Renewable

C4 group

C2 group

Fuels

Average particle diameter
NM [nm]

AM [nm]

RGL

16.60 ±1.21

38.15 ±1.34

ACA

16.59 ±1.23

38.01 ±1.35

DEE

16.72 ±1.22

37.64 ±1.33

MAT

16.06 ±1.22

37.71 ±1.33

ETH

17.00 ±1.22

37.73 ±1.33

ATA

16.49 ±1.20

37.62 ±1.33

MTBE

16.32 ±1.22

38.16 ±1.32

BYA

17.04 ±1.23

38.67 ±1.34

BUO

16.59 ±1.22

37.62 ±1.34

MBT

18.26 ±1.18

43.33 ±1.35

BTN

16.26 ±1.22

37.77 ±1.33

BTA

16.35 ±1.21

37.86 ±1.35

MF

16.69 ±1.22

37.61 ±1.35

MTHF

16.16 ±1.21

37.76 ±1.33

LNL

15.72 ±1.21

36.36 ±1.56

GVL

16.02 ±1.21

37.13 ±1.32
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Figure A.7: Hydrogen emissions post TWC for different levels of H2 added upstream
of the TWC into the exhaust stream produced with (a) four oxygenated
fuel blends of the C4 group and (b) the renewable group of fuel blends
together with RGL plotted over 500 s after engine start
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Figure A.8: Post TWC total (a) P PN
of MTBE, BYO,
BUO and ETH in comparison to RGL plotted for the light-off period
with increasing levels of H2 added upstream of the TWC
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and GVL in comparison to RGL plotted for the light-off period with
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Figure A.12: Steady-state particle size distribution downstream of the TWC for (a)
C2 , (b) C4 and (c) renewable group of fuel blends in comparison to
RGL with increasing H2 addition levels
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Appendix B
Heat and Mass Transfer
The heat and mass transfer in a catalytic system describes the overall temperature
and mass distribution along the flow axis of the gas and throughout the converter
(X represents the direction of the gas flow in Figure B.1). The following description
is a brief explanation of the main processes and critical issues involved in the heat
and mass transfer; more detailed explanations are available in the literature (Behr
et al., 2010; Beller et al., 2012; Misono, 2013).
Three forms of heat transfer can be considered in the description of a catalytic
converter which are convection, conduction and radiation. The latter can be approximated via the Stefan-Boltzmann law for black bodies (Equation B.1) with the
8
2 4
Stefan-Boltzmann constant σ 5.67  10 W m T  and the temperature T in
Kelvin.
q̇rad

σ T

4

(B.1)

However, it is sometimes not further considered because manufacturers insulate
the ceramic brick from the housing to reduce the radiation as much as possible
(Brinkmeier, 2006). Figure B.1 displays the two other forms of heat transfer, exemplified in the cross-section of one catalytic channel. The heat is transferred along
the channel in the gas flow via heat convection and conduction. Perpendicular to
the flow direction, the heat is transferred across the boundary layer of the catalytic
surface into the catalyst. An approach for the conduction can be made via Fourier’s
law of thermal conduction in solid bodies (Equation B.2), with λc being the thermal
conductivity and dT ©dz the temperature gradient in the material rectangular to the
heat flux.
q̇cond

λc
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dT
dz

(B.2)

Manufacturers aim for materials with high thermal conductivity, to reduce the
required light-off period by transferring as much heat from the gas phase as possible.
The obtained heat spreads across the whole brick solely via heat conduction.
gas phase

convection + conduction

boundary layer

catalytic surface
(washcoat)

X

heat of
reaction

substrate
conduction

accumulation/
release of heat

cross section of substrate

Figure B.1: Schematic mechanism of heat transfer with X representing the direction
of gas flow (adapted from Brinkmeier (2006))
A moving fluid transfers heat not only by conduction but through a combination
of heat conduction and convection from the gas phase into the solid phase. The
heat flux can be approximated according to Newton’s law of cooling, applied to the
problem of convective heat transfer (Equation B.3).
q̇conv

α

TS



TG 

(B.3)

The convection rate is directly proportional to the temperature difference of
the solid material TS and the gas temperature TG . The heat transfer coefficient
α is not a direct material parameter but more a physical property, dependent on
multiple characteristics of the participating materials (e.g. viscosity, heat capacity)
and flow parameters (e.g. flow speed, type of flow) (Behr et al., 2010). These values
can be derived from equations for the Nusselt, Reynolds and Prandtl number. The
combination of heat convection and conduction results in the overall heat transfer,
in which radiation plays a minor part (Lackner et al., 2013). Additionally, heat is
created or consumed on the washcoat surface through endo- and exothermic reactions
at the catalytic surface, which add to the overall heat distribution in the catalytic
converter.
Similar equations and descriptions can be deduced for the mass transfer from the
gas phase of the converter into the catalytic surface. In comparison to the driving
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force of temperature difference in heat transfer, the concentration gradient is the
primary driver of mass transfer rates (Lackner et al., 2013). The diffusion of exhaust
species correlates to the heat conductivity, which depends on the movement of
molecules/ atoms. The diffusion can be approximated by Fick’s first law of diffusion
for a binary system of species A and B (Equation B.4) where jA represents the
diffusion flux of species A, DA,B the diffusion coefficient of the system including A
and B and dCA ©dz the concentration gradient.
jA
gas phase

DA,B

dCA
dz

(B.4)

convection + conduction
mass transfer

boundary layer
conversion

X

catalytic surface
(washcoat)
substrate
conduction

storage/release
(e.g. oxygen)

cross section of substrate

Figure B.2: Schematic mechanism of mass transfer with X representing the direction
of gas flow (adapted from Brinkmeier (2006))
As for heat convection, an approach of determining the mass convection and
therefore, the overall mass transfer can be derived according to the concentration
difference (Equation B.5) (Lackner et al., 2013).
jA

β A CA,1  CA,2 

(B.5)

With jA being the mass flux of species A, A the area of exchange, CA,S and CA,G
the different molar concentrations of species A in position one and two and β the
mass transport coefficient. As with the heat transfer coefficient, the mass transfer
coefficient is a complex property, constrained to multiple boundary conditions. It
can be calculated via the Sherwood, Reynolds and Schmidt number. Furthermore,
the mass transfer and the overall concentration levels are constantly changing due to
conversion reactions on the catalytic surface, as well as storage and release processes
specific to a washcoat.
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Appendix C
Detailed Setup
Figure C.1a shows the initial arrangement of the high-temperature solenoid valves
and pre valve temperature control for a variable exhaust extraction capability upand downstream of the catalyst. Figure C.1b shows the finial emissions extraction
setup with insulated and PID-controlled heated lines with the capability to switch
the extraction point via the DAQ system.

(a)

(b)

Figure C.1: Extraction setup with arrangement of high-temperature solenoid valves
(a) setting up stage and (b) finalised setup with heated lines and temperature control
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(a)

(b)

Figure C.2: Built and wired solenoid valve control enclosures with (a) solid-state
relays for solenoid valve actuation via control computer and (b) additional
24 V output supply for additional sensors

Figure C.3: Built and wired heated line controllers for variable emission extraction
setup
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Figure C.4: H2 MFC with an additional safety valve and flame-trap downstream of
measured H2 flow

(a)

(b)

Figure C.5: Utilised emission analysers (a) Horiba MEXA-9100EGR and (b) Horiba
MEXA-9400
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Figure C.6: Complete DAQ and control computer setup for engine, dynamometer and external analysers

Appendix D
Calibration and Setpoints
The engine was operated without any fuel injection at fixed engine speed and throttle
condition, which resulted in a steady-state air flow of 363 L/min. Hydrogen was
introduced into the system in increasing ppm levels, which are summarised in Table
D.1 together with the corresponding H2 flow rates.
Table D.1: H2 MFC calibration with a steady-state air flow of 363 L/min; H2 setpoints
and measured H2 values
Setpoint (SP) values

Measured values

H2 level

H2 flow rate

H2 level

H2 flow rate

∆ H2 level

[ppm]

[L/min]

[ppm]

[L/min]

[ppm]

248

0.09

182

0.066

66

500

0.182

372

0.135

128

1000

0.363

746

0.271

254

2000

0.726

1485

0.539

515

4000

1.452

2876

1.044

1124

The calculated hydrogen flow rate, based on the desired ppm setpoint, was
measured by the V&F HSense with an offset shown as ∆ H2 level in Table D.1. The
actual H2 flow rates, based on the under-represented H2 levels, were plotted against
the desired flow rates, which resulted in the fitted curve shown in Figure D.1. The
equation representing the trendline of the H2 flow setpoints over the actual H2 flow
rates measured was used for a continuous readjustment of the H2 MFC input values.
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Figure D.1: H2 flow rate adjustment for H2 MFC recalibration
Table D.2: Molar weight (MW) calculations for exhaust gas based on the considered
gaseous species at both test conditions

Species

WLTC

Low-Speed

MW
[g/mol]

CO

[%]

1.21

1.02

28.010

CO2

[%]

13.60

13.69

44.010

O2

[%]

1.33

1.26

31.999

THC

[ppm]

2981

4869

42.080

NOX

[ppm]

1376

2478

30.010

H2

[ppm]

2794

-

2.016

H2 O

[%]

12.86

10.81

18.015

N2

[%]

70.29

72.49

28.013

MWexhaust

[g/mol]

28.929

29.246

MWdry air

[g/mol]

28.965
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Table D.3: Calculated oxygen storage capacity per brick volume for the TWC-CR
samples at a specific temperature upstream of the catalyst
OSC

Temp. pre TWC

[mg/L]

[°C]

Sample 1

18.38

516

Sample 2

19.80

523

Sample 3

19.71

512

Sample 4

18.36

515

TWC-CR

Figure D.2 and Figure D.3 show the utilised drivetrain configurations and the
simulation results of a 1.4L equipped Golf for the WLTC driving cycle.

Drivetrain Configuration
VOW-Golf_OR4DI14-118-240-TM_T-2009-FEW-M6
Engine configuration
O4DI14TM-118/240 P13/T6
Combustion type -> Gasoline
Number of cylinders -> 4
Displacement -> 1.4 [l]
Injection type -> Direct Injection
Charger -> Turbo & Mechanical
Max power -> 118 [kW] @
5800 [1/min]
Max torque -> 240 [Nm] @
1500 [1/min]
Max speed -> 7000 [1/min]
Controlled max speed ->
6550 [1/min]
Idling
Idle speed -> 650 [1/mim]
Controlled idle speed -> 650 [1/min]

MT-6-240/5.15

Shutoff hysteresis
Injection on -> 1100 [1/min]
Injection off -> 1600 [1/min]

S-3.65
205/55VR16

Specific fc @ 2.0 [bar] /
2000 [1/min]
Fuel consumption (spec) [g/kWh]
Implemented technology

Figure D.2: Torque-Power curves and drivetrain configuration for the driving cycle
simulation
The plot represents the time in per cent spent at different load-speed conditions
when performing the WLTC driving cycle (Figure D.3) with the blue line indicating
WOT operation. The green line represents pushed operation during sections of
deceleration in the driving cycle or at idling conditions without a load applied to the
engine.
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WLTC – Worldwide harmonized Light vehicles Test cycle

Profile Information
WLTC53
Total time -> 1800 [s]
Total distance -> 23.266 [km]
Max. speed -> 131 [km/h]
Max. acceleration -> 1.67 [m/s2] @ 1030 [s]
Max. deceleration -> -1.50 [m/s2]

Statistics
Statistics (related to time)
Av. speed -> 47 [km/h]
Av. speed (idle excluded) -> 53 [km/h]
Idling -> 13 [%] (226 [s])

Vehicle Configuration & Profile
Required power for Golf-O14M6
Weightclass -> US-WCL 3375 [lbs]
Required power -> 32 [kW] @ 1542 [s] on
driven axle
Estimated required engine power ->
40 [kW] to maintain the profile completely

Figure D.3: Simulation results for the time based load distribution - WLTC
Based on the time spent at each engine condition in per cent, a weighted average
calculation was performed with the values in Figure D.3 up to an engine speed
and load of 2400 rpm and 10 bar BMEP respectively. Furthermore, assumptions
for the pushed engine operation (below the green line) were made and disregarded
for the calculation of the final steady-state operation point. The pushed operation
assumptions over the considered speed range were as follows:
• 400 – 800 rpm – 50 %
• 800 – 1200 rpm – 40 %
• 1200 - 1600 rpm – 30 %
• 1600 - 2000 rpm – 25 %
• 2000 - 2400 rpm – 20 %
The weighted average calculation resulted in the steady-state condition of 1600
rpm and 4.6 bar IMEP.
Figure D.4 shows the time distribution simulation results for the NEDC driving
cycle, as a comparison to the WLTC driving cycle shown in Figure D.3.
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NEDC – New European Driving Cycle

Profile Information
NEDC
Total time -> 1180 [s]
Total distance -> 11.013 [km]
Max. speed -> 120 [km/h]
Max. acceleration -> 1.04 [m/s2] @ 15 [s]
Max. deceleration -> -1.39 [m/s2]

Statistics
Statistics (related to time)
Av. speed -> 34 [km/h]
Av. speed (idle excluded) -> 45 [km/h]
Idling -> 24 [%] (280 [s])

Vehicle Configuration & Profile
Required power for Golf-O14M6
Weightclass -> EU-WCL 1470 [kg]
Required power -> 12 [kW] @ 1116 [s] on
driven axle
Estimated required engine power ->
15 [kW] to maintain the profile completely

Figure D.4: Simulation results for the time based load distribution - NEDC
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Appendix E
In-Cylinder Pressure Analysis and
Derived Plots
E.1

In-Cylinder Pressure Analysis

The in-cylinder pressure traces logged over the entire 720 CAD of an individual
four-stroke combustion cycle or an average of multiple consecutive cycles could be
utilised with the DAQ software to analyse the behaviour of different fuel blends over
a combustion cycle. The in-cylinder pressure data indicates the start of ignition, the
volumetric efficiency of the engine and the duration, as well as the magnitude, of
heat release for different fuels during combustion.

E.1.1

Cylinder Volume Calculation

The calculation of heat release rate based on in-cylinder pressure data requires the
cylinder volume (also referred to as the combustion chamber) at each CAD interval
as a known input; the total cylinder volume (V ) may be expressed as (Heywood,
1988)
V

Vclear  Abore lcon  rcrank  σ 

(E.1)

where Vclear is the clearance volume, Abore is the cylinder bore area, lcon is the
length of the connecting rod, rcrank is the crank radius and σ is the instantaneous
stroke position. The cylinder bore area (Abore ) can be found from
2

Abore

Dbore
π
4
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(E.2)

E.1 In-Cylinder Pressure Analysis
where Dbore is the cylinder bore diameter, and the instantaneous stroke position
(σ)
σ

a cos θ 

Õ

2
2
2
lcon
 a sin θ 

(E.3)

where θ is the crank angle in respect to the piston TWC position.

E.1.2

Apparent Net Heat Release of Combustion

The apparent net heat release of combustion calculations were based on a one dimensional, single zone thermodynamic model (Heywood, 1988), which allowed a
determination based on the in-cylinder pressure data together with several assumptions (hence ‘apparent’): the cylinder contents are considered to be uniform, single
closed system throughout the combustion chamber, for the duration of heat release no
mass flow is occurring across the system boundaries and that the system is adiabatic
for the calculation of the net heat release (Qnet ). The difference at any given position
of the combustion cycle between the gross heat release of fuel during combustion
(Qch ) and the heat transfer from the system to the cylinder walls (Qht ), in compliance
with the second law of thermodynamics, results in the net heat release rate, which
can be expressed as
dQnet
dθ

dQch
dθ



dQht
dθ

(E.4)

In agreement with the first law of thermodynamics, the net heat release rate
must be equal to the sum of the rate at which work is done on the piston and the
rate of change of sensible internal energy of the system (Us ). Consequently, the net
heat release rate equation can also be written as
dQnet
dθ

p

dV
dθ



dUs
dθ

(E.5)

where p is the in-cylinder pressure, and under the assumption that the system
contents follow ideal gas behaviour, Equation E.5 may be expressed with
dUs

(E.6)

mcv dT

as
dQnet
dθ

p

dV
dθ
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mcv

dT
dθ

(E.7)

E.1 In-Cylinder Pressure Analysis
with m is the mass and (cv ) is the specific heat of the cylinder contents. Further
assuming that the system contents behave as an ideal gas, with R is the gas constant,
that is
pV

(E.8)

mRT

With m and R being constant, it can be derived from the ideal gas law that
pressure and volume changes can describe a change in temperature.
dp
p



dT
T

dV
V

(E.9)

So that Equation E.9 may be rewritten as
1
V dp  pdV 
R

(E.10)

mdT

moreover, when mdT is replaced according to Equation E.7, the net heat release
rate can be written as
dQnet
dθ

1 

cv dV
p
R
dθ



cv dp
V
R dθ

(E.11)

Furthermore, taking the ratio of specific heats (γ) at constant pressure (cp ) and
constant volume (cv ), as well as the relationship between the gas constant (R) and
the specific heat constants,
cp
cv

(E.12)

cp  cv

(E.13)

γ

R

the following expression for the net heat release rate can be derived, which was
used for all combustion experiments throughout this work.
dQnet
dθ

γ

dV
γ  1 dθ
p



1

dp
γ  1 dθ
V

(E.14)

The ratio of specific heats (Equation E.12) were assumed to be constant for
the compression and the expansion stroke and Heywood (1988) suggested values of
γ=1.35 and γ=1.26 for the compression and expansion stroke respectively, which
were utilised for the calculation of the apparent net heat release rate according to
Equation E.14 for reference gasoline and all utilised oxygenated fuel blends, based on
the assumption that gasoline was the main constituent of each fuel blend. Based on
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the shaft encoder resolution, the net heat release rate was calculated at a 0.5 CAD
increment, equivalent to the resolution of the logged in-cylinder pressure. The values
of dp
and dV
were calculated based on
dθ
dθ
dp
dθ



pn  pn1
dθ

(E.15)

dV
dθ



Vn  Vn1
dθ

(E.16)

by determining the difference of p and V (according to the measurement of p
and the calculated value of V with Equation E.1) at the present crank angle (n) for
which dQnet was calculated and the preceding crank angle increment n  1.

E.1.3

Cumulative Heat Release and Mass Fraction Burnt

In order to gain an indication of the total value of chemical energy released by the
fuel for the duration of combustion, the cumulative heat release may be expressed as

E

dQcum

θend
θstart

dQnet
dθ
dθ

(E.17)

The accumulated heat release was calculated by integrating the net heat release
rate over the total area of positive heat release taking place between the time a
spark was created to the first appearance of negative heat release following the
occurrence of peak heat release rate (duration of fuel combustion). The time in
CAD between the spark timing and the first detectable positive heat release rate
was defined as the ignition delay and could be determined from the net heat release
rate calculation plotted against CAD, and the first positive incident of positive net
heat release rate was utilised as the start of combustion (SOC). With the help of the
SOC, combustion duration and the cumulative heat release rate, the crank angle for
different percentages of mass fraction burned (MFB) was determined.

E.1.4

Global In-Cylinder Gas Temperature

Following the same assumptions of homogeneity and ideal gas behaviour of system
contents stated for the determination of apparent net heat release rate (Section E.1.2),
the global gas temperature of in-cylinder contents (T ) at any given CAD may be
calculated using the ideal gas law
T

p V
n R
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(E.18)

E.1 In-Cylinder Pressure Analysis
where n is the number of mols of air present and R the universal gas constant.
The volumetric air flow rate into the cylinder during each cycle was utilised to
estimate the number of mols air present; however, fuel and combustion product
molecules present in the combustion chamber were not taken into account.

E.1.5

Indicated Mean Effective Pressure

The net indicated displacement work Wi can be calculated by integration of the
cylinder pressure with respect to the cylinder volume over the entire crank angle
range of a four-stroke engine cycle according to Equation E.19.
Wi

Y

p dV

(E.19)

The indicated mean effective pressure - IM EP - which was used to define
the engine output throughout this work can be determined by the net indicated
displacement work per four-stroke cycle Wi  divided by the swept volume of the
engine Vd  according to
Vd

Abore σ

(E.20)

Wi
Vd

(E.21)

IM EP

where Abore is the cylinder bore area and σ is the piston stroke length.
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Figure E.1: In-cylinder pressure derived plots for the C2 drop-in fuel blends
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Figure E.2: In-cylinder pressure derived plots for the C4 drop-in fuel blends
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Figure E.3: In-cylinder pressure derived plots for the renewable drop-in fuel blends
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Appendix F
Fuel Properties
F.1

Reference Fossil Gasoline - Certificates

Table F.1: Summary of the main properties for the utilised reference gasoline batches
Batch 1

Batch 2

[kg/m ]

747.3

747.7

[°C]

33.8

35.0

[vol%]

51.4

51.6

[°C]

201.9

202.6

Carbon content

[wt%]

86.49

86.51

Hydrogen content

[wt%]

12.54

12.57

Oxygen content

[wt%]

0.97

0.92

Atomic H/C ratio

[-]

1.7277

1.7314

Atomic O/C ratio

[-]

0.0084

0.0080

[MJ/kg]

42.7

42.71

Motor octane number

[-]

87.5

87.0

Research octane number

[-]

95.8

95.6

Density

at 20 °C

3

Initial boiling point
at 100 °C

% Evaporated

Final boiling point

Lower heating value
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Figure F.1: Reference fossil gasoline certificate - batch 1
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F.1 Reference Fossil Gasoline - Certificates

Haltermann Carless UK LTD. Grove House Guilford Rd, Leatherhead,

Certificate 100000120583

Surrey, KT22 9DF Great Brittain

Date:
Customer PO:
Delivery Note:
Order No.:
Customer No.:

Department of Mechanical Engineerin
Roberts Building
London
WC1E 7JE

GMID:
Material:
Cust. Mat.:
Batch:
Dlvy. Qty:
Container ID:
Ship from:

05/03/2018
F45-2455401
80100830 000010
66099683 000010
1764862

Revision No.: 2

2013824
Carcal RF-02-03
194 L Steel Drum
0000017587
194.0 L15
Firmin Coates

, United Kingdom

Page: 1 /

2

______________________________________________________________________
Feature

Units

Results

Density 15°C
R.O.N.
M.O.N.
Vapour pressure (DVPE) 37.8°C
I.B.Pt.
% Evaporated at 70°C, E70
% Evaporated at 100°C, E100
% Evaporated at 150°C, E150
F.B.Pt.
Residue
Aromatics
Olefins
Saturates
Benzene content
Oxidation Stability
Gum, - washed

kg/m3

MJ/kg
Btu/lb

752.0
95.6
87.0
57.1
35.0
30.9
51.6
84.2
202.6
0.8
32.3
0.6
62.0
< 0.1
> 480
< 0.5
per 100 cm3
1B
< 2.5
< 0.2
2.8
0.92
86.51
12.57
1.7314
0.0080
6.88
45.38
18363

MJ/kg
kg/m3

42.71
747.7

Limits
Minimum

Maximum
Method
______________________________________________________________________

Copper Corrosion, 3hrs at 50°C
Lead content
Phosphorous content
Sulphur content
Oxygen Content
Carbon Content
Hydrogen Content
Atomic H/C Ratio
Atomic O/C Ratio
C/H Mass Ratio
Gross Heat of Combustion
Net Heat of Combustion
CALCULATION
Net Heat of Combustion
Density at 20°C

kPa
°C
%(V)
%(V)
%(V)
°C
%(V)
%(V)
%(V)
%(V)
%(V)
min.
mg
mg/l
mg/l
mg/kg
%(m)
%(m)
%(m)

740.0
95.0
85.0
56.0

754.0
60.0

24.0
50.0
83.0
190.0
29.0
-

40.0
58.0
89.0
210.0
2.0
35.0
10.0

480
-

1.0
4.0

-

5.0
1.3
10.0
1.00

ASTM D4052
ASTM D2699
ASTM D2700
EN 13016-1
ASTM D86
ASTM D86
ASTM D86
ASTM D86
ASTM D86
ASTM D86
ASTM D1319
ASTM D1319
ASTM D1319
EN 238
ASTM D525
ASTM D381
ASTM D130
EN 237
ASTM D3231
ASTM D5453
EN 13132
ASTM D5291
ASTM D5291
CALCULATION
CALCULATION
CALCULATION
IP 12
IP 12 /
IP 12
ASTM D4052

______________________________________________________________________
COA

Figure F.2: Reference fossil gasoline certificate - batch 2
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F.2

Calculated Fuel Blend Properties

Based on Equation F.1 for complete combustion as

Cx Hy Sq Oz  x 

y
4



q

z
2

O2

x CO2 

y
H2 O  q SO2
2

(F.1)

combined with the mass based oxygen content of dry air (ξO2,air ) and the molar
masses (MC , MH , MS , MO2 ) and mass ratios (c, h, s, o) of each species in the utilised
fuel, the stoichiometric amount of air necessary for a specific fuel can be calculated
as follows (Spicher, 2015)
LSt

1



ξO2,air

MO2
MO2
1 MO2
c
h
so
4 MH
MC
MS

(F.2)

With the mass based oxygen content in air as 23.14 wt%, the calculated oxygen/carbon and oxygen/hydrogen ratios and when disregarding the sulphur content
in the fuel, Equation F.2 can be rewritten as displayed in Equation F.3, which was
used for stoichiometric air calculations throughout this work.
LSt

1
0.2314

2.664 c  7, 937 h  o

Table F.2: Reference gasoline properties
Gasoline
% (m)
Carbon

86.49

Hydrogen

12.54

Oxygen

0.97
3 at 20°C

Density [g/cm ]

H/C

O/C

1.728

0.008

0.75

Molar mass [g/mol]

–

Calc. stoich. air [kg]

14.22
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F.2 Calculated Fuel Blend Properties

F.2.1

C2 Molecules and Drop-In Blends
Table F.3: Ethanol and ETH fuel blend properties
Ethanol - C2 H6 O

CH3 CH2 OH

% (m)
Carbon

52.14

Hydrogen

13.13

Oxygen

34.73
3 at 20°C

H/C

O/C

ETH
% (m)

H/C

O/C

1.894

0.073

79.62
3.0

0.5

12.66
7.72

Density [g/cm ]

0.79

0.76

Molar mass [g/mol]

46.07

–

Calc. stoich. air [kg]

9.00

13.17

Table F.4: Acetaldehyde and ACA fuel blend properties
Acetaldehyde - C2 H4 O

CH3 CHO

% (m)
Carbon

54.53

Hydrogen

9.15

Oxygen

36.32
3 at 20°C

H/C

O/C

ACA
% (m)

H/C

O/C

1.765

0.075

80.10
2.0

0.5

11.86
8.04

Density [g/cm ]

0.78

0.75

Molar mass [g/mol]

44.05

–

Calc. stoich. air [kg]

7.85

12.94

Table F.5: Diethyl ether and DEE fuel blend properties
Diethyl ether - C4 H10 O

(CH3 CH2 )2 O

% (m)
Carbon

64.82

Hydrogen

13.60

Oxygen

21.58
3 at 20°C

H/C

O/C

DEE
% (m)

H/C

O/C

1.850

0.047

82.16
2.5

0.25

12.75
5.09

Density [g/cm ]

0.71

0.74

Molar mass [g/mol]

74.12

–

Calc. stoich. air [kg]

11.19

13.61
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Table F.6: Methyl acetate and MAT fuel blend properties
Methyl acetate - C3 H6 O2

CH3 COOCH3

% (m)
Carbon

48.64

Hydrogen

8.16

Oxygen

43.19

H/C

3 at 20°C

O/C

MAT
% (m)

H/C

O/C

1.761

0.09

78.92
2.0

0.66

11.66
9.41

Density [g/cm ]

0.93

0.78

Molar mass [g/mol]

74.08

–

Calc. stoich. air [kg]

6.53

12.68

Table F.7: Acetic acid and ATA fuel blend properties
Acetic acid - C2 H4 O2

CH3 CO2 H

% (m)
Carbon

40.00

Hydrogen

6.71

Oxygen

53.28
3 at 20°C

F.2.2

H/C

O/C

ATA
% (m)

H/C

O/C

1.756

0.111

77.19
2.0

1.0

11.37
11.43

Density [g/cm ]

1.05

0.79

Molar mass [g/mol]

60.05

–

Calc. stoich. air [kg]

4.61

12.29

C4 Molecules and Drop-In Blends
Table F.8: 1-butanol and BTN fuel blend properties
CH3 (CH2 )3 OH

1-butanol - C4 H10 O
% (m)

Carbon

64.82

Hydrogen

13.60

Oxygen

21.58
3 at 20°C

H/C

O/C

BTN
% (m)

H/C

O/C

1.850

0.047

82.16
2.5

0.25

12.75
5.09

Density [g/cm ]

0.79

0.76

Molar mass [g/mol]

74.12

–

Calc. stoich. air [kg]

11.19

13.61
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Table F.9: Butyraldehyde and BYO fuel blend properties
Butyraldehyde - C4 H8 O

CH3 CH2 CH2 CHO

% (m)
Carbon

66.63

Hydrogen

11.18

Oxygen

22.19

H/C

3 at 20°C

O/C

BYO
% (m)

H/C

O/C

1.772

0.047

82.52
2.0

0.25

12.27
5.21

Density [g/cm ]

0.80

0.76

Molar mass [g/mol]

72.11

–

Calc. stoich. air [kg]

10.55

13.48

Table F.10: 2-butanone and BUO fuel blend properties
2-butanone - C4 H8 O

C2 H5 COCH3

% (m)
Carbon

66.63

Hydrogen

11.18

Oxygen

22.19
3 at 20°C

H/C

O/C

BUO
% (m)

H/C

O/C

1.772

0.047

82.52
2.0

0.25

12.27
5.21

Density [g/cm ]

0.81

0.76

Molar mass [g/mol]

72.11

–

Calc. stoich. air [kg]

10.55

13.48

Table F.11: Methyl tert-butyl ether and MTBE fuel blend properties
(CH3 )3 COCH3

Methyl tert-butyl ether - C5 H12 O
% (m)

Carbon

68.63

Hydrogen

13.72

H/C

O/C

3 at 20°C

% (m)

H/C

O/C

1.838

0.040

82.82
2.4

0.2

18.15

Oxygen

MTBE

12.78
4.41

Density [g/cm ]

0.74

0.75

Molar mass [g/mol]

88.15

–

Calc. stoich. air [kg]

11.77

13.73
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Table F.12: Methyl butyrate and MBT fuel blend properties
CH3 CH2 CH2 COOCH3

Methyl butyrate - C5 H10 O2
% (m)

Carbon

58.80

Hydrogen

9.87

Oxygen

31.33
3 at 20°C

Density [g/cm ]

Molar mass [g/mol]
Calc. stoich. air [kg]

H/C

O/C

MBT
% (m)

H/C

O/C

1.767

0.065

80.95
2.0

0.4

12.01
7.04

0.90

0.77

102.13

–

8.80

13.13

Table F.13: Butyric acid and BTA fuel blend properties
CH3 CH2 CH2 COOH

Butyric acid - C4 H8 O2
% (m)

Carbon

54.53

Hydrogen

9.15

Oxygen

36.32
3 at 20°C

F.2.3

H/C

O/C

BTA
% (m)

H/C

O/C

1.765

0.075

80.10
2.0

0.5

11.86
8.04

Density [g/cm ]

0.96

0.78

Molar mass [g/mol]

88.11

–

Calc. stoich. air [kg]

7.85

12.94

Renewable Molecules and Drop-In Blends
Table F.14: 2-methylfuran and MF fuel blend properties
2-methylfuran - C5 H6 O
% (m)
Carbon

73.15

Hydrogen

7.37

Oxygen

19.49
3 at 20°C

H/C

O/C

MF
% (m)

H/C

O/C

1.636

0.042

83.82
1.2

0.2

11.51
4.67

Density [g/cm ]

0.91

0.78

Molar mass [g/mol]

82.10

–

Calc. stoich. air [kg]

10.11

13.39
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Table F.15: 2-methyltetrahydrofuran and MTHF fuel blend properties
2-methyltetrahydrofuran - C5 H10 O
% (m)
Carbon

69.72

Hydrogen

11.70

Oxygen

18.57

H/C

O/C

2.0

0.2

MTHF
% (m)

H/C

O/C

1.773

0.041

83.14
12.37
4.49

3 at 20°C

Density [g/cm ]

0.86

0.77

Molar mass [g/mol]

86.13

–

Calc. stoich. air [kg]

11.24

13.62

Table F.16: Linalool and LNL fuel blend properties
Linalool - C10 H18 O
% (m)
Carbon

77.87

Hydrogen

11.76

Oxygen

10.37
3 at 20°C

Density [g/cm ]

H/C

O/C

LNL
% (m)

H/C

O/C

1.741

0.025

84.77
1.8

0.1

12.38
2.85

0.87

0.77

Molar mass [g/mol]

154.25

–

Calc. stoich. air [kg]

12.55

13.88

Table F.17: γ-valerolactone and GVL fuel blend properties
γ-valerolactone - C5 H8 O2
% (m)
Carbon

59.98

Hydrogen

8.05

Oxygen

31.96
3 at 20°C

Density [g/cm ]

Molar mass [g/mol]
Calc. stoich. air [kg]

H/C

O/C

GVL
% (m)

H/C

O/C

1.709

0.066

81.19
1.6

0.4

11.64
7.17

1.05

0.79

100.12

–

8.29

13.03
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Appendix G
Certificates
G.1

DMS 500

G.2

Bronkhorst H2 MFC

G.3

Bronkhorst Coriolis Mass Flow Meter

G.4

Kistler Pressure Transducer
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G.4 Kistler Pressure Transducer

Figure G.1: Calibration certificate - Cambustion DMS500 differential mobility
particle spectrometer
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G.4 Kistler Pressure Transducer

Figure G.2: Calibration certificate - Bronkhorst F-201CV-10K H2 MFC
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G.4 Kistler Pressure Transducer

Figure G.3: Calibration certificate - Bronkhorst M14-AGD-22-0-S Coriolis mass flow
meter

310

G.4 Kistler Pressure Transducer

Figure G.4: Calibration certificate - Kistler 6061BS31 pressure transducer
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