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ABSTRACT 

The thesis investigates how exhaust gas fuel reforming, also known as reformed exhaust gas 

recirculation (REGR), may benefit direct injection gasoline (GDI) engine efficiency and 

emissions. REGR is a thermochemical process that has potential for efficiently producing 

hydrogen-rich gas onboard a vehicle by using waste exhaust energy to promote endothermic 

reforming of hydrocarbon fuels. Partially fuelling a gasoline engine with hydrogen generally 

improves engine thermal efficiency. 

The experimental research begins by simulating REGR on single- and multi-cylinder GDI 

engines, which indicates that REGR can increase engine thermal efficiency by up to 9% and 

reduce NOx by up to 96%. Particulate matter (PM) measurements reveal that REGR 

significantly reduces PM number and mass emissions, beyond that achieved by EGR. 

Further experiments with a full-scale prototype exhaust gas fuel reformer integrated with the 

multi-cylinder GDI engine demonstrate improved fuel efficiency at a wide range of engine 

conditions, by 8% for conditions typical of motorway driving. The reforming process is 

observed to be overall endothermic when the exhaust temperature is above 650°C, and the 

reformed fuel enthalpy is increased by up to 21% in these experiments.  

The results demonstrate that REGR can simultaneously increase engine thermal efficiency, 

and reduce gaseous and PM emissions. 
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�
 �	
�  Fuel flow, kg/s 

��,���  Relative molecular mass of EGR, kg/kmol 

N  Engine speed, rpm 

�
���  Molar flow rate of air, mol/s 

�
 ���  Molar flow rate of EGR, mol/s 

�  Cylinder pressure, Pa 

�̅  Mean cylinder pressure, bar 

���  Engine ‘brake’ power, kW 

����  Indicated power (one cylinder), kW 

QR  Heat release, J 

�
��   Maximum rate of heat release, J/degree (crank angle) 

!  Measured engine torque, Nm 



 

 

�"  Swept volume, m
3
 

#  Ratio of specific heats 

∆Href  Enthalpy increase of reformed fuel 

∆T  Change in temperature 

$%&�'  Combustion efficiency  

$���  Indicated engine thermal efficiency 

$�
�  Reforming process efficiency 

θ  Crank angle, degrees 

λ  Excess air ‘lambda’ ratio 
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CHAPTER 1  

INTRODUCTION 

1.1 Overview 

Continued refinement of legislation relating to vehicle emissions and fuel economy in recent 

years has forced the automotive industry to introduce a variety of new technologies into 

production vehicles at ever greater cost and complexity. Incremental efficiency gains are 

achieved by systems across the vehicle architecture. The engine and its related systems offer 

many potential areas for improving efficiency, not least by reducing the large fraction of fuel 

energy that leaves the exhaust as waste heat. For this reason there are many new technologies 

being developed to enable exhaust energy recovery for improved fuel efficiency. 

Combustion of hydrogen in automotive engines has been widely researched with the aim of 

reducing CO2 emissions, and has shown benefits in terms of engine thermal efficiency and the 

reduction of other regulated emissions. However, problems encountered with production, 

onboard storage and infrastructure have prevented a move toward widespread adoption of 

hydrogen fuelling. The process of reforming hydrocarbon (HC) fuel to hydrogen-rich gas can 

be implemented onboard a vehicle to partially fuel the engine, eliminating some of the 

problems associated with stored hydrogen while still retaining attractive combustion 

properties. Systems developed in the past however have suffered a net energy loss in the 

reforming process and therefore have not been viable in terms of overall system efficiency. 

Exhaust gas fuel reforming is a technology with potential to efficiently produce hydrogen by 

utilising waste exhaust energy. 
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Exhaust gas fuel reforming aims to extract energy from the exhaust stream using endothermic 

reforming reactions and produce a gaseous fuel with higher enthalpy than the gasoline fed to 

the reformer. The principle relies on using a reforming catalyst mounted in the hot exhaust 

stream, as depicted schematically in Figure 1.1. HC fuel (gasoline in the context of this 

research) is mixed with a fraction of the engine exhaust gas and passed over the hot reforming 

catalyst to produce a hydrogen and carbon monoxide (CO) rich gas, known as reformate. The 

reformate fuel is then inducted into the intake system for combustion, similarly to exhaust gas 

recirculation (EGR); this system is known as reformed exhaust gas recirculation (REGR). The 

combination of EGR-like charge dilution and combustion enhancement with hydrogen offers 

the possibility to increase engine thermal efficiency and reduce exhaust emissions. 

 

Figure 1.1 - Schematic of an exhaust gas fuel reformer to produce hydrogen (H2) and CO 

from HC fuel and EGR 

The University of Birmingham’s Future Power Systems group has recently been working in 

collaboration with a number of industrial partners on a Technology Strategy Board (TSB) 

funded project entitled CO2 Reduction through Emissions Optimisation (CREO). As part of 

H2 + CO + EGR
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(no gas exchange)HC
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this project, a prototype exhaust gas fuel reformer system was developed, and much of the 

research presented in this thesis contributed to achieving the CREO project objectives. 

1.2 Research focus 

The aim of this research is to demonstrate and quantify the benefit of using exhaust gas fuel 

reforming to improve gasoline engine efficiency and emissions.  

Recent research on the application of exhaust gas fuel reforming has been mostly related to 

diesel engine combustion [1-3] and aftertreatment enhancement [4-6]. Some studies have 

investigated exhaust gas reforming of various bio-fuels, with the application of bio-diesel 

reforming to compression ignition (CI) engines [7, 8] and ethanol reforming to spark ignition 

(SI) engines [9-13]. There has been less work dedicated to the use of exhaust gas fuel 

reforming with the gasoline engine, although early work did envisage this application and it 

has been developed to some degree over the years [14-16]. These studies are discussed in 

section 2.5.3. 

The gasoline engine is a prime candidate for exhaust gas fuel reforming due to the high 

exhaust gas temperature (EGT) encountered in normal operation, which is important for 

effective reformer operation. In addition, the exhaust oxygen concentration is low for the 

homogeneous, stoichiometric charge gasoline engine. This has potentially positive 

implications for fuel reforming, which will be discussed later. The development of high 

efficiency gasoline engines now applies direct injection (DI) as standard technology. 

Therefore, this work sets out to develop the application of exhaust gas fuel reforming to the 

gasoline direct injection (GDI) engine. 

Emphasis was placed on taking a holistic approach throughout the research, which meant 

considering the performance of each part of the total system. It was therefore necessary to 
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analyse: the reformer performance in terms of reforming activity and energy recovery 

capability; how the reformer influences engine performance in terms of combustion, fuel 

efficiency, gaseous emissions and particulate emissions; and how engine-reformer 

interactions affect the total system performance. With this in mind the following research 

objectives were outlined. 

1.2.1 Objectives 

1. Understand how partially fuelling the GDI engine with reformate affects: 

a. Combustion performance 

b. Engine thermal efficiency 

c. Gaseous and particulate emissions 

2. Demonstrate the operation of an integrated, full scale prototype fuel reformer with a 

production specification, multi-cylinder GDI engine 

3. Quantify the prototype fuel reformer performance at steady state engine conditions 

4. Understand how the engine operating characteristics influence the fuel reformer 

performance and reformate composition 

5. Understand how fuel reforming influences engine efficiency and emissions 

6. Determine how effective reforming can be for exhaust energy capture 

1.3 Thesis outline  

Chapter 2 provides some relevant background to GDI engine technology, with particular 

attention given to EGR due to its relevance to engine operation with exhaust gas fuel 

reforming. The gaseous fuel reformate is then discussed, noting its physical properties relative 

to gasoline, the inert gas content and their effects on combustion. This is followed by an 

overview of fuel reforming and the fundamentals of reforming chemistry. Finally, there is a 
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review of experimental research in the literature relating to hydrogen and reformate 

combustion in gasoline engines, including some research that has used prototype fuel 

reformers. 

Details of the experimental facilities used throughout the course of the research are provided 

in Chapter 3, as well as details of the calculations used for processing test data.  

Chapter 4 begins by presenting results that demonstrate the performance of Platinum-

Rhodium (Pt-Rh) reforming catalysts and predict the reformate composition achievable at 

typical gasoline engine exhaust stream temperature. Single-cylinder GDI engine test results 

are then reported that indicate the effects of partial reformate fuelling on GDI engine 

combustion and emissions performance. Most of the content of this chapter was published in 

a technical paper presented at the SAE World Congress in April 2013 [17]. 

Chapter 5 describes the experimental simulation of a REGR system which supplies hydrogen 

and CO to the EGR system of a multi-cylinder GDI engine. Again the hydrogen and CO 

concentrations in the REGR stream were selected to be achievable in practice at typical 

gasoline exhaust temperatures. Emphasis was placed on comparing REGR and EGR to the 

baseline GDI engine performance, as well as the effects of varying reformate quality. 

Combustion, efficiency and emissions results are presented for a low-load and mid-load 

engine condition, and a full system analysis attempts to predict total engine-reformer system 

efficiency. The chapter includes a study of the influence of EGR and REGR on particulate 

matter (PM) emissions. There is also an investigation into the relative effects of hydrogen and 

CO concentration in reformate on combustion performance, and the chapter concludes by 

analysing REGR performance maps across a wider range of engine conditions. Sections 5.1 
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and 5.2 form the basis of a journal paper published by the International Journal of Hydrogen 

Energy [18]. 

The experimental work culminates with two chapters focused on studies of a prototype 

exhaust gas fuel reformer integrated with the multi-cylinder GDI engine. In Chapter 6 the 

reformer performance is assessed in terms of the temperature distribution across the catalyst, 

the reformate composition, the reforming process efficiency and the amount of exhaust heat 

recovery achieved, as well as an analysis of the variation in exhaust stream exergy. The 

content of this chapter has been submitted as a research paper to the journal of Applied 

Energy and is currently in review. 

Chapter 7 is focused specifically on the influence of reformer operation on the engine 

performance, in particular the engine fuel efficiency improvement. Combustion performance 

and engine emissions results are also presented to confirm the trends predicted in earlier 

chapters. There is then an investigation into the effect of engine down-speeding on the 

reformer operation and engine fuel efficiency. The chapter concludes with a study of full load 

engine operation with REGR, which investigates the use of two alternative gas recirculation 

systems for their influence on engine torque, knock and fuel efficiency. 

The conclusions of the thesis are summarised in Chapter 8 along with some suggestions for 

future research relating to exhaust gas fuel reforming. 

1.4 Novelty of research 

This thesis addresses several original points, thus providing an innovative and novel 

contribution to catalytic fuel reforming research applied in the wider context of internal 

combustion (IC) engine research.  These are outlined below: 
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- Performing experimental engine research using ‘low quality’ reformate rather than 

ideal reformate compositions to predict the benefit of a fuel reformer 

- Taking a holistic approach to the prediction of GDI engine performance with REGR, 

with consideration for engine efficiency, gaseous emissions, particulate emissions, 

effects on combustion and potentially important engine-reformer interactions (e.g. 

effect of REGR on exhaust temperature, which is important for reformer performance) 

- Investigating the combination of hydrogen/reformate with EGR to reduce PM 

emissions 

- Demonstrating results obtained using a full scale prototype exhaust gas fuel reformer 

integrated with a production specification, multi-cylinder GDI engine 

- Analysing the composition of reformate produced by exhaust gas fuel reforming 

- Detailed speciation of HCs in reformate 

- Analysing the total system thermal efficiency (i.e. the engine and reformer)  

- Analysing the combustion process associated with a GDI engine using an integrated 

exhaust gas fuel reformer 

- Estimating exhaust heat recovery achieved by exhaust gas fuel reforming 

- Comparing alternative exhaust gas recirculation architectures for used with REGR 

- Investigating REGR characteristics and influence on engine performance and knock at 

high load with elevated (boosted) intake manifold pressure 
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CHAPTER 2   

BACKGROUND AND LITERATURE REVIEW 

2.1 Introduction 

This research is focused on the application of exhaust gas fuel reforming to the GDI engine. 

DI has been at the core of SI gasoline engine development in the past decade due to the wide 

ranging benefits it offers relative to its predecessor, port fuel injection (PFI). DI will continue 

to increase its share of the gasoline engine market in the future. The brief overview of GDI 

engine technology that follows is presented both as background information that is relevant to 

the application of exhaust gas fuel reforming, and also to explore how the various systems 

will integrate to provide an overall benefit for GDI engine efficiency and emissions. 

Following an introduction to fuel reforming thermodynamics and catalysis, the more detailed 

review of literature is concerned with hydrogen and reformate combustion in SI engines, as 

well as previous attempts at onboard fuel reformer development. 

This chapter, and the work that follows, will be focused on the SI gasoline engine with little 

discussion of the CI engine. In order to keep a sufficiently narrow scope, this work eliminates 

any detailed reference to conventional diesel combustion or modern low temperature 

combustion (LTC) modes such as homogeneous charge or partially premixed compression 

ignition (HCCI or PPCI). As will become apparent, the gasoline SI engine is possibly most 

well suited to achieving energy recovery with exhaust gas fuel reforming due to its high 

temperature exhaust stream with low oxygen content. Additionally, the gasoline engine 

maintains a majority share in the global passenger vehicle market, although less so in Europe. 
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2.2 The GDI engine  

2.2.1 General characteristics and components of the GDI engine 

The fuel delivery system is the major difference, in terms of hardware, between the DI and the 

more traditional PFI gasoline engine. For PFI the injectors are usually mounted in the intake 

manifold close to the inlet port such that the nozzle delivers fuel into the air path prior to the 

intake valve. The mixing of fuel and air before the intake valve is a characteristic historically 

shared by other fuel delivery systems, for instance with single point injection or the 

carburettor. This approach results in a homogeneous charge where the air/fuel mixture is 

completely, or almost completely, mixed.  

For DI the injectors are mounted to the cylinder head with their nozzles positioned to deliver 

fuel directly into the combustion chamber. Broadly speaking, the timing of DI during the 

induction or compression strokes determines whether the charge is homogeneous or stratified 

(partially mixed). 

One of the key advantages of DI over PFI is the superior charge cooling effect as the fuel 

vaporises inside the combustion chamber, which increases the charge density. This increases 

volumetric efficiency (VE) and the potential peak engine output. It also reduces the tendency 

for pre-ignition and knock because the compression temperature is lower, thus allowing an 

increased compression ratio (CR). In turn, this means that greater pressure charging can be 

achieved, enabling engine downsizing. DI increases engine efficiency, improves transient 

response and reduces the EGT, which means that thermal stresses on exhaust components are 

lower. [19] 

In order to enable fuel injection directly into the cylinder with suitable fuel vapourisation over 

a short time period, significantly higher fuel pressures are required for DI compared to PFI 
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engines. This has led to the introduction of high pressure mechanical fuel pumps in addition 

to the low pressure feeder pump. Fuel rail pressures between 50-200bar are now typical, 

varying across the engine range.  

Since the introduction of GDI, injector and combustion system development has led to the 

definition of three distinct types of DI which are depicted in Figure 2.1. The first generation 

DI systems became known initially as ‘wall-guided’ as they used the influence of the 

combustion chamber walls (in particular the piston crown) on fuel and charge motion to 

control fuel/air mixing. Generally the first generation DI systems use solenoid injectors 

located under the inlet port. There is potential for significant fuel impingement, in particular 

with the piston, which is usually shaped with an asymmetric, ‘scooped’ cut-out that assists by 

influencing the charge motion and directing the injected fuel towards the spark plug. Wall 

wetting by fuel impingement leads to increased unburned HCs and soot formation.  

 

Figure 2.1 - SI engine charge preparation with wall-guided (a), air-guided (b) and spray-

guided (c) direct injection [20] 

A later variation of first generation DI is the ‘air-guided’ approach in which the inlet ports are 

designed to generate the desired amount of tumble charge motion across the speed/load range. 

Tumble is defined as rotational charge motion perpendicular to the cylinder axis, and 

facilitates by entraining the injected fuel in the bulk charge motion, thereby reducing 
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impingement, while achieving sufficient fuel-air mixing. Engine control unit (ECU) 

controlled tumble flaps located in front of the inlet ports are sometimes used to vary the 

amount of tumble motion. Although originally developed for stratified combustion, these 

arrangements are also commonly used in homogeneous SI engines. [19] 

The second generation of DI systems use a ‘spray-guided’ approach to fuel/air mixing (Figure 

2.1c). These systems use a central injector and spark plug position that enables the fuel spray 

to be concentrated locally to the spark plug electrode and helps achieve a stratified charge 

more effectively. The fuel spray pattern and atomisation is even more important for ensuring 

the desired fuel distribution and level of stratification/mixing; therefore, increasingly 

challenging requirements have been placed on the fuel injector. The use of multiple injections 

provides superior control of fuel distribution in the combustion chamber by reducing the 

spray penetration distance and improving atomisation, which both help to reduce fuel 

impingement. Piezoelectric injectors offer faster response and shorter minimum injection 

duration compared to solenoid injectors and so are often employed in second generation DI 

systems. 

A split injection strategy can be used to generate partial charge stratification in an otherwise 

homogeneous charge SI engine. The first injection event is timed similarly to normal 

homogeneous operation, during the induction stroke, and the additional second injection is 

timed much later during the compression stroke. This results in a partially stratified charge 

that is locally rich near the spark plug, while the surrounding homogeneous charge is slightly 

lean to maintain an overall stoichiometric air fuel ratio (AFR). The influence of split injection 

on combustion and emissions will be discussed later.  
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2.2.2 Emissions formation  

The primary pollutant formed during the combustion of HC fuels is CO2 and there is 

worldwide pressure on all industries to reduce the amount of CO2 released into the 

atmosphere. The subject of this work, exhaust gas fuel reforming, is concerned primarily with 

reducing the levels of CO2 produced by the GDI engine, which are typically used in many 

modern passenger vehicles. The phrases ‘increasing fuel/engine/thermal efficiency’ and 

‘improving fuel economy’ may be used interchangeably with ‘reducing CO2 emissions’.  

Automotive manufacturers face increasingly strict regulations for CO2 emissions. Beyond 

this, the permitted levels of the other regulated emissions become more challenging to achieve 

with each legislative update. The recent and ongoing priority in the development of vehicles 

to be sold in Europe is to meet the EU6 regulations (Table 2.1) that will be introduced in 

2014. These emissions standards will also include for the first time a particulate number limit 

for gasoline engines, which will be enforced from 2017. 

Table 2.1 -  EU6 emissions regulations for gasoline fuelled passenger vehicles [21] 

NOx 

(g/km) 

CO 

(g/km) 

HC 

(g/km) 

1 
NMHC 

(g/km) 

Particulate 

mass (mg/km) 

2 
Particulate 

number (#/km) 

0.06 1.0 0.1 0.068 4.5 6x10
11 

1 NMHC: Non-methane hydrocarbons; 2 To be introduced in 2017 

In order to achieve emissions reduction with combustion system development and the 

application of aftertreatment systems it is necessary to understand the various mechanisms of 

emissions formation. These will now be introduced for the major pollutant species. 
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Oxides of nitrogen (NOx) 

Oxides of nitrogen in engine exhaust gas consist of mostly of nitric oxide (NO) with a smaller 

proportion of nitrogen dioxide (NO2). The formation rate of NO during combustion only 

becomes significant when the temperature is above 1800K [22]. During the combustion 

process it is mostly NO that is formed; subsequently, in the exhaust stream and in the 

atmosphere, NO is oxidised to NO2, which causes environmental problems by reacting with 

HCs to form photochemical smog. The quantity of NO formed in the post-flame gas is 

generally far greater than that produced in the flame itself, firstly because the residence time 

in the flame front is short, and secondly because the increasing cylinder pressure compresses 

the combustion products, raising the temperature. The engine operating characteristics that 

most affect NO formation include the charge equivalence ratio, the residual gas fraction, 

external EGR rate and ignition timing, due to the influence they have on the oxygen 

concentration or temperature experienced in the burned gas. [23] 

NO formation in SI engines is often assumed to be primarily due to the thermal mechanism 

and is modelled using the extended Zeldovich mechanism. In this process dissociated oxygen 

atoms oxidise nitrogen molecules to form NO (Equation 2.1), as well as atomic nitrogen 

which goes on to produce further NO by reacting with oxygen (Equation 2.2). The hydroxyl 

radical (OH) also plays a part in NO formation (Equation 2.3). The less significant ‘prompt’ 

and ‘nitrous oxide’ mechanisms involve the reaction of nitrogen with HC molecules and the 

decomposition of nitrous oxide respectively; the contribution of these mechanisms becomes 

more important at low combustion temperatures. [22] 

( + *+ ⇌ *( + * Equation 2.1 

* + (+ ⇌ *( + ( Equation 2.2  

* + (� ⇌ *( + � Equation 2.3 
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The strong dependence of the rate of NO formation on temperature is clear when the reaction 

kinetics are considered. For example, the initial rate of NO formation is increased by an order 

of magnitude if the flame temperature is increased by just 140K (from 2080K to 2220K for a 

stoichiometric mixture). This is derived from the exponential relationship in Equation 2.4, 

which also indicates the dependence of NO formation rate on the oxygen and nitrogen 

equilibrium concentrations. The initial rate of NO formation is strongly influenced by the 

forward reaction rate constant of Equation 2.1 and the equilibrium constant for the 

dissociation of oxygen at the instantaneous reaction temperature. [23] 

�[*(]�0 = 6 × 1067!6/+ 9:� ;−69,090! > [(+]
6/+[*+]
  Equation 2.4 

Carbon monoxide (CO) 

The level of CO emissions is determined mainly by the extent to which combustion is 

completed; incomplete combustion as a result of insufficient oxygen in a rich fuel-air mixture 

leads to partial burning and high CO emissions. In contrast to NO formation, higher 

temperature and oxygen concentration results in lower CO emissions by increasing the rate of 

CO oxidation. This process continues to some extent during the expansion stroke, but will 

slow down to become insignificant as the temperature drops. The high oxygen concentration 

in lean fuel-air mixtures results in very low CO emissions. The prevailing temperature of the 

burned gases also influences CO emissions through variation of the CO/CO2 equilibrium, 

where higher temperature promotes the dissociation of CO2 to increase CO [22, 23]. 

Unburned hydrocarbons (HCs) 

HC emissions are not formed in the same manner as the other pollutants. Rather, they are a 

result of incomplete combustion. There are many reasons that the HC fuel may not be 

completely burned. Air-fuel mixture is forced into crevice volumes (space between 
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combustion chamber components, e.g. piston rings or valve seats) by high in-cylinder 

pressure, and some fuel is absorbed by oil layers and cylinder deposits on the combustion 

chamber walls. Fuel in these locations is not burnt because the flame is quenched as it 

approaches the combustion chamber walls and cannot penetrate into the small crevice 

volumes. Less complete and increasingly variable combustion occurs when the engine 

management system is unable to ensure the optimum fuel-air mixture preparation on a cycle-

by-cycle basis, which is particularly challenging during transient operation. In this scenario 

the end-gas will contain high levels of unburned HCs. Deterioration of combustion stability 

due to charge dilution has the same effect, and can eventually result in total misfire [22, 23]. 

 

Figure 2.2 - Contribution of the various mechanisms for oxidation of HCs that remain after 

the main combustion process: data from [22] 

HC oxidation in the end-gas proceeds at lower temperature than for CO oxidation, and 

continues for the duration of the exhaust stroke, both in the cylinder and later in the exhaust 

manifold. Of the HCs that remain after the main combustion process, approximately half will 

be oxidised in the cylinder and a quarter in the exhaust manifold (Figure 2.2). The 

aftertreatment system is able to remove the low levels of HC (usually of the order of 2000ppm 

C1) with high conversion efficiency, leaving only a small proportion to be emitted to 
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atmosphere.  However, practical limitations make 100% HC conversion impossible, which 

highlights the importance of the post-oxidation processes on reducing tailpipe HC emissions. 

[22] 

Particulate matter (PM) 

PM generated by HC combustion is a mixture of insoluble material, mainly carbonaceous soot 

particles with smaller amounts of ash and metal oxides, and a considerable volatile fraction 

consisting of HC compounds and sulphates. The volatile fraction may exist as condensed 

particles or be adsorbed on other solid particles. [21, 24] 

PM from diesel engines usually exists in a clearly defined bi-modal distribution, in terms of 

particle size. These are termed the nucleation and accumulation modes, and very generally 

speaking these modes have a mean particle diameter of the order of 30nm and 200nm 

respectively [24]. Particle size distributions tend to be less well defined in samples of gasoline 

engine exhaust gas, with more overlap between the two modes and a greater contribution and 

variation of the nucleation mode. Nucleation mode particles are mostly condensed volatile 

species, although particles in this size range have been reported to contain a solid core [25]. 

Adsorption and condensation of the volatile fraction mostly occurs in the exhaust system as 

the gas cools and is diluted by air (either in the sample system or when released to 

atmosphere) [23]. 

In the past, controlling PM emissions from gasoline engines has not been a considerable 

technical or research focus. In contrast to diesel engines, PM formation is low in PFI gasoline 

engines due to the substantially pre-mixed charge, and PM emissions only increase under very 

fuel rich conditions that are avoided at most engine conditions. This changed, however, with 

the introduction of DI to gasoline engines. 



Chapter 2: Background and literature review 

 

17 

 

PM formation in GDI engines is generally due to combustion of a non- homogeneous charge 

containing liquid fuel droplets or locally fuel-rich regions; this is far more likely with DI than 

PFI. Figure 2.3 identifies the many sources of particle formation in the combustion chamber 

[21]. These include the various locations for possible fuel impingement (1-4), injector 

deposits resulting in poor fuel vapourisation (5), inadequate fuel-air mixing (6) and PM 

formed in the diffusion flame (7) that may occur with a stratified charge during particularly 

late injections, similarly to diesel engines.  

 

 

1. Piston wetting 

2. Cylinder liner wetting 

3. Roof wetting, including spark plug 

4. Interaction spray, air flow, intake valve 

5. Injector deposits 

6. Mixture homogeneity (locally rich regions) 

7. Diffusion flame (liquid phase) 

 

Figure 2.3 - In-cylinder particle sources [21] 

Final particulate emissions are determined by the extent of various particle formation and 

destruction mechanisms. Briefly, soot formation begins with the fragmentation and 

dehydrogenisation of HC fuel molecules in the flame to soot pre-cursor compounds, notably 

acetylene (C2H2) and polycyclic aromatic hydrocarbons (PAHs). These soot pre-cursors 

partake in condensation reactions that form soot nuclei, which then increase in size by surface 

growth and collisions resulting in coagulation. In the process of surface growth, which is 

responsible for producing most of the soot volume, gas-phase HC species become attached to 
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the particle surface. Agglomeration involves the collision and coalescence of the 

approximately spherical primary particles to form larger, irregular particles. Particle 

destruction occurs by soot oxidation that continues throughout the formation process. The 

oxidation reactions are kinetically controlled, meaning the oxidation rate is strongly 

influenced by oxygen concentration and temperature. [23, 24] 

2.2.3 Emissions control and aftertreatment 

Emission control with combustion strategy and calibration 

One of the most widely used techniques to reduce emissions from both diesel and gasoline 

engines is EGR. This will be discussed in a dedicated section later, but briefly its primary 

benefit is that is greatly reduces NOx emissions. EGR only slightly reduces CO and actually 

increases HC emissions, but these species are more readily removed from the exhaust stream 

than NOx. The main purpose of oxidation catalysts employed in gasoline powered vehicles 

following the introduction of emissions legislation was to remove CO and HCs. However, as 

the permissible NOx emissions were continually lowered over time, alternative methods were 

introduced – most notably the three-way catalyst (TWC). A recent resurgence in the use of 

EGR has occurred with increasing application to turbocharged GDI engines [26-36]. 

Manipulation of the combustion process by retarding the ignition timing can also be used to 

attenuate NOx [37]. The combustion process develops later in the cycle as the ignition timing 

is retarded, and so the peak cylinder pressure and temperature are lower. While NOx can be 

effectively reduced using this method, engine torque and efficiency are also lower so there is 

a compromise to be considered. That said, at low engine load, retarding the ignition means the 

engine must be de-throttled to maintain load, which sometimes can lead to increased fuel 

efficiency; in this case, the reduction in pumping work is greater than the loss of useful 
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expansion work. PM emissions are also influenced by ignition timing [38, 39], and are 

generally lower at late ignition timings due to the longer time for fuel mixing and evaporation.  

Split injection can be used to enhance combustion and reduce emissions. The concept uses 

one early injection event during the induction stroke to create a slightly lean homogeneous 

mixture, followed by a second injection event later in the cycle resulting in a rich mixture in 

the region of the spark plug electrode; overall the AFR is stoichiometric. The quantity of fuel 

injected during the second injection event determines the characteristics of combustion in the 

inner and outer regions of the cylinder (early and late phases of combustion). The formation 

of a slightly stratified charge improves ignitability and increases the early burn rate due to the 

rich AFR near the spark plug. With this, HCs are incrementally reduced due to higher in-

cylinder temperature and the remaining homogeneous region of the cylinder charge becomes 

slightly lean. If the level of stratification is increased too far however, greater numbers of rich 

regions can increase CO and HC emissions. This technique may therefore be used to improve 

combustion stability, increase EGR tolerance and reduce HC and CO emissions by increasing 

the rate of flame kernel formation. [29] 

Gaseous emissions aftertreatment 

The most significant technology in gasoline engine emission control is the TWC which is 

capable of eliminating the three primary pollutants in the gasoline exhaust stream (HCs, CO 

and NOx). The principle of TWC operation relies on a catalyst to promote a series of reactions 

in order to bring the exhaust stream towards chemical equilibrium. The catalysts employed 

are typically Pt-Rh or palladium (Pd) only (although other combinations are successfully 

implemented) on a porous ceramic support known as the washcoat. The washcoat is primarily 

porous γ-alumina (Al2O3), which provides a high surface area support for the precious metals 

and is applied to a ceramic or metal monolith that is mounted in the engine exhaust stream. 



Chapter 2: Background and literature review 

 

20 

 

Further additions (e.g. ceria, zirconia) can enhance or stabilise performance depending on the 

precious metals present and the required catalyst function. Washcoats are designed to enhance 

the catalyst activity by creating beneficial metal-support interactions, and providing 

opportunity to prevent or slow catalyst ageing. The most important and widely used washcoat 

enhancer is ceria (CeO2). [24] 

Effective TWC operation requires a suitable ratio of reducing and oxidising species and the 

engine’s AFR must be controlled such that combustion stoichiometry fluctuates periodically 

in a narrow band either side of stoichiometric. When the exhaust composition is rich, and 

once the small amount of oxygen available has been consumed in oxidation reactions 

(Equation 2.5 and Equation 2.6), CO and HC removal is achieved by the water-gas shift 

(WGS) and steam reforming reactions (Equation 2.7 and Equation 2.8). When lean, chemical 

reduction of NO is achieved in reactions with CO, HCs and hydrogen despite the oxygen rich 

environment (Equation 2.9 - Equation 2.11). One important function of the catalyst that is 

vital for successful TWC operation is an oxygen storage capacity, which is usually provided 

by ceria. As the AFR is cycled close to stoichiometric (λ = 1 ± 0.02) oxygen is stored on the 

catalyst during lean periods and released during rich periods, which allows the necessary 

oxidising and reducing reactions to occur. It is by this mechanism that simultaneous removal 

of all the gaseous exhaust pollutants is achieved. [22-24] 

CO oxidation: 2@( + (+  →  2@(+ Equation 2.5 

HC oxidation: @ �B + (: + D4)(+   → :@(+ + D2 �+( Equation 2.6 

WGS reaction: @( + �+( ⇌  @(+ + �+ Equation 2.7 

Steam reforming: @ �B + :�+(  → :@( + (: + D2)�+ Equation 2.8 

NO reduction by CO: 2@( + 2*( →  2@(+ + *+ Equation 2.9 
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NO reduction by HCs: 4�@ + 10*( →  4@(+ + 2�+( + 5*+ Equation 2.10 

NO reduction by H2: 2*( + 2�+  →  *+ + 2�+( Equation 2.11 

Gasoline engines have used the TWC almost exclusively since its introduction, with the main 

exception being DI engines that operate with a lean/stratified charge at lower engine load 

regions. In these cases, a TWC is unable to remove NOx from the oxygen-rich exhaust stream. 

Technologies usually associated with diesel engines have the ability to chemically remove or 

store NOx while under strongly oxidising conditions and so have been developed for the lean 

gasoline engine application. One example is the NOx trap that enables NOx conversion above 

90% over a wide temperature range, typically 200-550°C. It functions by storing NO as NO2 

on the catalyst during lean engine operation. Periodic rich combustion is required to 

regenerate the catalyst. The normal products of rich combustion (HCs, CO and hydrogen) 

decompose the NO2 stored on the catalyst to form nitrogen, CO2 and water. [19] 

Particulate emissions control  

Traditionally PFI and DI gasoline engines have not required aftertreatment to reduce 

particulate emissions. Combustion in PFI engines does not produce significant PM, certainly 

relative to diesel engines. But the GDI engine combustion process can generate high PM 

emissions under certain conditions, particularly at elevated load, during cold starts and as the 

engine warms up. Most of the recent developments in PM emission reduction technology 

have been focused around the combustion system, in particular relating to charge motion and 

fuel delivery to ensure desirable fuel/air mixing. The injector characteristics are of particular 

importance. The spray pattern and penetration define the initial location and distribution of 

fuel in the combustion chamber, before charge motion takes over. The influence of the 

injector on fuel vapourisation is important. The injector spray characteristics change with fuel 
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pressure, temperature, nozzle design, pulse duration, fuel properties (viscosity etc) and 

injector location, amongst other factors, and so this is an area of intensive ongoing research. 

Any developments aimed at reducing PM formation are in essence trying to achieve one or 

more of the following: 

- Low fuel impingement with combustion chamber walls and components  

- Complete fuel vapourisation 

- The desired type (swirl/tumble) and potency of charge motion at all engine conditions 

- Ensure sufficient charge homogeneity (minimise locally fuel rich regions) or 

appropriate stratification 

- Achieve complete combustion 

- Avoid the necessity for fuel rich combustion 

Recent GDI engine research has demonstrated PM reductions by taking measures to avoid 

fuel impingement [40], use of cooled EGR or internal EGR [30], and through calibration of 

the many available parameters including injection timing, fuel pressure and split injection [21, 

40]. Other works have shown injector deposits [41] to severely increase PM formation. 

Through combustion system design alone GDI engines are able to meet future PM number 

emissions standards (Euro 6c due in 2017), although fuel penalties range between 0 and 5% 

[42]. Inevitably, this increasingly challenging scenario has led to interest in catalyst-based 

gasoline particulate filters (GPFs) as a means for reducing or eliminating combustion 

generated particulate emissions.  

GPF systems combine a particle filter with TWC capability to trap PM and remove gaseous 

pollutant species. TWC materials are usually applied directly to the filter, and the GPF is 

often used in a close-coupled arrangement with a standard TWC. There is synergy in using 
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TWC on the filter in that it aids with filter regeneration [43]. There are various types of GPF 

(e.g. ceramic wall-flow filters, metallic foams and metallic fibre) and in each there is 

compromise between trapping/conversion efficiency, backpressure, regeneration frequency, 

thermal mass, range of operating temperature and cost. Impressive durability has already been 

demonstrated by GPF technology given its early stage of development with filtration 

performance of 98% and gaseous emission conversion well within regulation after 150,000km 

[44]. 

2.2.4 Current technology for improved engine efficiency 

Engine downsizing with pressure charging  

A trend has emerged in recent years for engine downsizing, whereby the engine displacement 

is reduced significantly for a given vehicle road load requirement. This raises the average load 

on each cylinder and forces the engine to run more frequently in the higher efficiency regions 

of its operational range. Pressure charging is required in order to maintain the peak load 

achieved by the larger naturally aspirated (NA) engine. There have been many instances of 

four-cylinder NA engines being downsized to three-cylinder turbocharged engines [45-47]. 

One example that has been implemented in production is the Ford 1L turbocharged GDI 

engine that has successfully replaced a 1.6L NA gasoline engine. 

Ensuring adequate drivability (i.e. high torque at low engine speeds) is a challenge when 

implementing engine downsizing, and places a high demand on the pressure charging system. 

Currently, single exhaust gas turbochargers are the norm for downsized engines but, as 

downsizing becomes more aggressive, charging systems will become more advanced to meet 

the increased demand, particularly in terms of the range of operation (engine speed and mass 

flow). The application of variable turbine geometry (VTG) technology, as used for some 
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diesel engines, and dual-stage turbocharging are cited as being viable but complex solutions 

to improve downsized engine performance [19, 48]. 

A demonstrator engine has showcased the potential for aggressive downsizing with a 0.85L 

two cylinder, single turbocharged engine [49]. By investigating several turbochargers and 

combustion system configurations, they demonstrated equal drivability performance 

compared with a 1.6L NA engine while achieving a 25% reduction of fuel consumption. 

The trend for engine downsizing is set to continue in the near-term. This may be important for 

future implementation of the exhaust gas fuel reformer because engines that operate with a 

high duty cycle will have high exhaust temperature for more of the time, potentially making 

heat recovery technology more viable. 

Variable valve actuation 

Variable valve actuation techniques are now applied to SI engines with increasing frequency, 

and offer many possibilities for advanced engine control and calibration. The desired level of 

exhaust residuals varies significantly across the engine range in any calibration designed to 

offer the best compromise of efficiency, emissions reduction and peak load performance, 

which is not possible to achieve with fixed valve timings. Variable cam timing (VCT) can be 

used to modify the amount of cylinder scavenging by changing the intake valve opening 

(IVO) and exhaust valve closing (EVC) timing, which together define the valve overlap 

period. 

A long valve overlap at low load gives rise to high exhaust residuals, which reduces NOx 

emissions and improves efficiency by reducing pumping losses. Retardation of the overlap 

period generally reduces the trapped residual fraction slightly, and increases HC oxidation 

before the exhaust valve opens, thus reducing HC emissions [50]. At high load (boosted) 
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operation a long overlap promotes over-scavenging and increases the fresh charge mass for 

high peak load performance. 

 A shorter valve overlap can reduce the amount of trapped residuals if necessary; this is useful 

if knock is initiated by the hot residual gas increasing the charge temperature, or if external 

EGR is to be used. Negative valve overlap can also give rise to high residuals, and is an 

approach used for engines utilising HCCI [51]. 

Aggressive early or late intake valve closing timing is sometimes used to reduce the effective 

CR; these approaches are recognised as variations of the Atkinson thermodynamic cycle, or 

the Miller cycle when combined with pressure charging. This is an effective method for 

permitting increased geometric CR while avoiding high load knock in highly charged GDI 

engines, and results in improved thermal efficiency [52]. Engine load control can also be 

achieved by utilising VCT with Miller cycle valve timings, which results in reduced pumping 

losses [53]. 

It is anticipated that VCT could assist engine operation with a reformer by providing a means 

for varying the residual exhaust gas fraction (internal EGR), and the ratio of internal EGR to 

REGR. This should help during the transition between different regions of the engine map 

when the desired reformer flow rate, as well as the total dilution rate, will change. In addition, 

VCT could be used when switching between alternative combustion strategies. The optimum 

cam timings are likely to be very different for engine operation with no external dilution (e.g. 

when the engine/reformer is warming up) compared to those with REGR, once sufficient 

temperature is reached and the reformer is switched on. 
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Another variable valve actuation method is cam profile switching, which can allow high and 

low valve lift configurations to be used in one calibration or for individual cylinders to be 

deactivated entirely [54]. 

More recently, research and development has moved on to fully variable valve lift (VVL) and 

timing solutions; mechanical, electro-magnetic and electro-hydraulic variations have been 

developed [54] and put into production by many vehicle manufacturers. For a homogeneous 

charge GDI engine that would usually require intake throttling for load control, VVL allows 

the engine to be throttled via the valve actuation; load is controlled by varying the valve lift 

and duration to regulate the charge air mass flow. This provides a significant benefit for fuel 

efficiency by dramatically reducing pumping work, as the intake manifold is no longer under 

significant vacuum and is close to atmospheric pressure. Depending on the specific design 

characteristics, these systems can also reduce parasitic losses (e.g. by avoiding unnecessary 

valve spring compression), enable individual cylinder control to correct for AFR disparity, 

and provide cycle to cycle response for improved transient performance. [55] 

Integrated exhaust manifolds (IEMs) 

By integrating the exhaust manifold into the cylinder head casting there are practical benefits 

in the fact that production and assembly are simplified and there is a lower overall parts count 

[19]. But there are also benefits to engine operation: the IEM may be water-cooled such that 

exhaust heat is transferred to engine coolant, meaning peak exhaust temperatures are lower 

and there is lower thermal stress on exhaust system components. This reduces, but does not 

necessarily remove, the requirement for high load fuel enrichment. In addition, warm up times 

are reduced due to lower thermal inertia, and turbo response is improved as the pre-turbine 

volume is reduced. [47] 
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The increasing application of the IEM poses a challenge for possible future implementation of 

the exhaust gas fuel reformer because the available exhaust enthalpy is lower, which suggests 

that the technologies may not be compatible if the exhaust temperature is too low for 

reforming to be practical. However, it should be considered that, with an IEM, heat is rejected 

to atmosphere via the engine coolant; in contrast, the exhaust gas fuel reformer aims to 

recover waste exhaust heat. 

2.2.5 Future technology for improved fuel efficiency 

There are many and wide-ranging solutions currently in development that aim to improve the 

efficiency of future internal combustion engines. It is not the intention to summarise these 

here but a select few will be discussed briefly, noting their relevance to REGR. 

Low temperature combustion (LTC) 

The detailed operating characteristics of the various LTC modes such as HCCI and PPCI will 

not be discussed here, however it should be noted that they are a subject of much research 

globally, within both academia and industry. The key advantage of LTC is the potential to 

dramatically reduce the formation of NOx and PM, and achieve complete and efficient 

combustion. The LTC regime is now being considered by major automotive industry 

suppliers [48] who are developing a four-cylinder, turbocharged GDI engine with part load 

HCCI capability. Their project objective is to achieve 25% fuel efficiency over a previous V6 

engine, but simulation work predicts an optimistic 42% fuel economy benefit.  

Exhaust gas fuel reforming has been recognised to assist HCCI combustion [8]. Very high 

pressure rise rates associated with HCCI generate significant combustion noise and wider 

noise, vibration and harshness (NVH) issues; fuel reforming can enable higher dilution rates 
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than with conventional EGR, which reduces the pressure rise rate and therefore may extend 

the useable range for HCCI. 

Ignition systems 

The ignition system strongly influences the initiation and later development of the combustion 

process. This becomes especially apparent when approaching the limits of charge dilution, 

and it will be seen later that the ability to maintain reliable combustion at high rates of EGR 

dilution is particularly relevant to engine operation with a fuel reformer. More recently there 

has been research investigating alternative ignition systems designed to enhance highly dilute 

combustion. A continuous discharge ignition system that allows variable discharge duration 

[56] is able to extend the EGR dilution limit between 5-10%, and significantly improve initial 

burn rates; increasing the discharge energy of these systems [57] can further extend the 

dilution capability. 

A gasoline fuelled turbulent jet ignition system [58] uses a spark plug to ignite a small amount 

of gasoline in a pre-chamber. The reacting mixture is then directed into the combustion 

chamber though a series of radial orifices to initiate the main combustion process 

simultaneously at multiple sites. This approach has proven successful for enhancing the 

combustion rate in lean and stoichiometric gasoline engines, and could also assist with 

stabilising and speeding up combustion with high EGR or REGR dilution. Laser ignition 

systems are being developed for similar reasons and may be an applicable future ignition 

system solution. [59, 60] 

Heat recovery techniques 

Exhaust gas fuel reforming is just one of many technologies that aim to achieve exhaust heat 

recovery. Technologies of note include: 6-stroke cycle engines; exhaust gas turbine-driven 
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generators; solid-state thermoelectric generators that exploit the Seebeck effect; and many 

systems based on the Rankine cycle. A detailed description of these technologies would go 

beyond the scope of this work, but Saidur [61] provides a concise review of current waste heat 

recovery technology in the automotive context. 

Dedicated-EGR, or D-EGR [62], is one technology that does warrant a more detailed 

description, firstly due to characteristics it shares with exhaust gas fuel reforming, but also 

because it is due to enter production in 2018 [42]. Similarly to REGR, D-EGR aims to 

improve engine efficiency and emissions by operating with EGR enhanced with hydrogen and 

CO, but the system differs in that there is no catalytic fuel reforming. Hydrogen and CO are 

instead produced by fuel rich combustion in one cylinder, which exhausts directly to the 

intake manifold resulting in a constant EGR rate (25% for a four cylinder engine). The system 

benefits from simplified control and has demonstrated brake thermal efficiency of 42%.  

Whilst not strictly a heat recovery device, D-EGR uses the availability of high cylinder 

temperature to promote reforming reactions, producing reformate that allows highly dilute 

combustion and reduces the energy content of the exhaust. It might be considered, then, a 

preventative measure that directly increases thermal efficiency, rather than a corrective 

measure of recovering energy from an inherently less efficient process. The feasibility of D-

EGR suggests that REGR should provide similar benefits for enhancing dilute combustion to 

improve efficiency and emissions. The potential for exhaust stream energy recovery with 

REGR is a major difference between these two systems. Additional components, control 

functionality and calibration effort are required to implement a working system in both cases, 

but to a greater extent for a fuel reformer system. 
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An approximate timeline of the major SI engine technologies is depicted in Figure 2.4, 

highlighting how the use of the various technologies discussed above has overlapped from the 

past to the present day, and noting the key technologies that may emerge in production 

engines in the future. 

 Past Current Future 

Fuel 

delivery 

Single manifold injection  

 Multipoint port injection  

 First gen. ‘Wall-guided’ direct injection  

 Second gen. ‘Spray-guided’ direct injection 

 Fuel pumps (>50 bar)  

 High pressure fuel pumps (>150 bar) 

Air path 

Naturally aspirated  

Pressure charged 

 Variable geometry intake manifold 

 Variable cam timing 

 Charge motion control 

 Variable valve actuation 

Combustion 

system 

‘Homogeneous, stoichiometric charge’ 

 ‘Stratified charge’ 

 HCCI/PPCI/etc 

 Downsizing 

Ignition 

system 

Distributed ignition  

 Multiple coil and spark plug ignition 

 
Continuous 

discharge 

 Turbulent jet 

 Laser 

Emissions 

control 

TWC 

 Lean NOx trap 

 EGR 

 GPF 

Exhaust 

energy 

recovery 

Turbocharger/supercharger 

 Variable geometry turbines 

 
Water-cooled exhaust 

manifolds 

 

Thermo-

electric 

generator 

 
Rankine 

cycle based  

 
Dedicated-

EGR 

 
Fuel 

reforming 

Figure 2.4 - Summary of SI engine technology 
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This concludes the section relating to current GDI engines and related technology. All future 

discussion of the GDI engine will be concerned with the homogeneous stoichiometric 

combustion mode unless otherwise stated. 

2.3 Exhaust gas recirculation (EGR) 

The following section is dedicated to the use of EGR in gasoline engines given its relevance 

to exhaust gas fuel reforming and REGR. First the effects of EGR on combustion are 

discussed, followed by a summary of the mechanisms for improved efficiency and reduced 

emissions with EGR. Various EGR system configurations are then defined with a discussion 

of their attributes.  

2.3.1 Combustion with EGR 

EGR typically has the composition of engine-out exhaust gas, unless the exhaust stream 

passes through the aftertreatment system before recirculation. In any case, the concentration 

of the main constituents (nitrogen, CO2 and steam) varies little. Table 2.2 details the typical 

range for EGR composition and some thermodynamic properties of the individual species. 

Each of these compounds dilutes the combustion charge and increases the overall the charge 

mass (for a given engine load). Because of the higher charge mass the total heat capacity is 

increased relative to the undiluted charge. 

In addition, steam and CO2 have high specific heat capacity (on a molar basis) so the increase 

in total heat capacity of the charge is greater than for an equivalent (volumetric) dilution with 

air. Therefore, for a given quantity of heat released from the combustion process, the cylinder 

contents will be heated to a lower temperature.  
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Table 2.2 - Composition and physical properties of EGR
 1

 

Species 

Typical 

conc. (%) 

Specific heat 

capacity, cp 

(kJ/kg.K) 

Specific heat 

capacity, cp 

(kJ/kmol.K) 

Ratio of 

specific 

heats, γ 

N2 76% 1.039 29.1 1.4 

CO2 12-14% 0.846 37.2 1.289 

H2O 12-15% 1.872 33.7 1.327 

O2 <1% 0.918 29.4 1.395 

CO <1% 1.040 29.1 1.4 

Air 
2
 (21% 

O2/79% N2)
 - 1.005 29.1 1.4 

1 The EGR composition excludes low concentration pollutants. Data from [63] at 300K 
2 Properties of air included for comparison 

The value of the ratio of specific heats, γ, of the charge is changed by dilution with EGR, 

compared with the normal, undiluted charge; this has implications for the ideal 

thermodynamic efficiency, seen in Equation 2.12. This value is reduced for the raw charge 

mixture due to the presence of steam and CO2 (Table 2.2), but may actually be higher during 

combustion, relative to that for undiluted combustion, due to lower combustion temperature. 

This is because the value for γ reduces with increasing temperature.  

Ideal thermodynamic efficiency: $,��
�� = 1 − ; 1H%IJ6> Equation 2.12 

Charge dilution with EGR slows the combustion rate; hence there is a lower rate of heat 

release. This means that combustion with EGR occurs over a greater portion of the engine 

cycle, moving away from the ideal case of constant volume heat addition. Additionally, the 

slower burn leads to higher variability in combustion duration from cycle to cycle, which 

reduces combustion stability. Using high levels of EGR leads to partial burning and 

eventually misfires. [23] 



Chapter 2: Background and literature review 

 

33 

 

The reduction of the heat release rate, and resulting lower pressure rise rate, also lead to lower 

in-cylinder temperatures compared with undiluted combustion. These effects counter any 

incremental increase in temperature due to slightly higher peak cylinder pressure (associated 

with greater charge mass and advanced ignition timing). Further to this, EGR has been shown 

to reduce the severity of knock in GDI engines [27, 34, 35]. The reduced heat release rate and 

slower pressurisation of the cylinder means the end-gas is not compressed and heated as 

significantly, therefore auto-ignition of the end-gas is less likely. The ability of EGR to 

eliminate or reduce knock tendency may permit increased compression ratio, leading to 

improved efficiency at all operating conditions. 

The fact that EGR reduces combustion temperature is important and will be referred to 

repeatedly in the explanations of how EGR improves efficiency and affects exhaust emissions 

in the following sections. 

2.3.2 Beneficial effects of EGR on engine efficiency 

Improved gasoline engine efficiency with EGR can be attributed to a number of mechanisms. 

At low load, when the intake manifold is under significant depression due to throttling, 

pumping losses are a large source of inefficiency for the SI engine. Therefore large efficiency 

gains can be achieved by methods that reduce the pumping work. For a given throttle opening, 

the induction of EGR displaces air in the intake manifold. In some cases, EGR also raises the 

intake air temperature, which exhibits lower density as a result. Both of these effects require 

de-throttling of the engine to increase the intake manifold pressure and deliver the required 

fresh charge mass in order to maintain engine load. Hence EGR is able to increase engine 

efficiency by reducing pumping work. 
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At high load, further significant fuel savings can be obtained with the use of EGR. The 

reduced knock tendency with EGR allows the ignition timing to be advanced towards the 

optimum. This improves the combustion phasing, which increases the work output, hence 

increasing efficiency. The advanced combustion also reduces the EGT, which can eliminate 

the requirement for fuel enrichment at high engine speed/load [28], again increasing 

efficiency. This has been demonstrated in a GDI engine with EGR rates as low as 5% [29].  

Whenever EGR is used, the magnitude of the heat loss to the combustion chamber walls is 

reduced because the combustion temperature is lower with EGR. This results in a lower 

temperature gradient to the combustion chamber walls, and therefore the rate of heat transfer 

to the engine coolant and surrounding components is reduced.  

2.3.3 Gaseous emissions with EGR 

It is well known that EGR reduces NOx emissions, having had widespread use in SI and CI 

engines since being introduced in the 1970s. In un-throttled engines EGR lowers the oxygen 

concentration in the charge and, because there is less oxygen available, the rate of NOx 

formation is reduced. Although EGR does reduce the oxygen concentration in the charge 

slightly for throttled engines, for a given engine load it does not displace oxygen in the same 

way. The primary reason that EGR reduces NOx in throttled gasoline engines is that lower 

combustion and post-combustion temperatures reduce the rate of NOx formation. [22, 23] 

Lower in-cylinder temperature reduces the rate of HC oxidation both during and post-

combustion, which results in higher HC emissions. Slightly higher cylinder pressures are 

experienced with EGR due to increased charge mass, for a given engine condition, which 

increases the amount of fuel-air mixture forced into crevice volumes to be released during the 

exhaust stroke. A deterioration of combustion stability will occur as the EGR rate increases, 
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which will eventually cause the engine to misfire and significantly increase the level of 

unburned HCs. CO emissions may also be lower with EGR. Lower in-cylinder temperature 

reduces CO2 dissociation leading to a higher CO2/CO ratio, hence lower CO emissions. [22, 

29] 

In addition, when EGR is used the intake charge temperature is likely to be increased to some 

degree, even with EGR cooling in place. Higher temperature will improve fuel vapourisation 

and mixing leading to a more complete combustion process, reducing CO and HC emissions 

and PM.   

2.3.4 PM emissions with EGR 

In addition to these benefits to engine efficiency and gaseous emissions, a small amount of 

research has shown EGR to reduce PM emissions from PFI [64-66] and DI [30] gasoline 

engines, and so EGR may assist in achieving future PM emission regulations. PM mass 

reductions of 65% were demonstrated with a GDI engine using cooled, external EGR [30], 

with a similar trend for internal EGR. Elsewhere though, EGR has been reported to increase 

particle number emissions from a PFI engine [67]. This is likely to have been a result of 

increased particle nucleation during sample dilution and caused by the condensation of 

volatile HC species, which were present in higher concentration with EGR. 

2.3.5 EGR system configurations 

EGR system configurations are usually defined as either high pressure (HP) or low pressure 

(LP), and these definitions will be adopted for the application of REGR to the GDI engine. 

Each approach offers different benefits in terms of EGR cooling and compressor 

requirements, charge air temperature control, complexity and useable engine range. A LP-

EGR system extracts gas from the post-turbine exhaust stream and feeds to the pre-
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compressor intake system, i.e. the low pressure regions of the intake and exhaust systems. The 

EGR cooling may be more easily managed because the EGR gases pass through the charge air 

cooler, but an additional EGR cooler is still required to maintain acceptable compressor inlet 

temperature. HP-EGR systems connect the pre-turbine exhaust to the intake manifold (post-

compressor), i.e. the high pressure regions. All EGR cooling must be achieved by the EGR 

cooler and this usually leads to higher charge air temperature relative to LP-EGR. Additional 

considerations are the build up of PM and other deposits in the EGR system and turbocharger, 

particularly in diesel engines, as well as the temperature rating of the compressor and related 

components. A mixed pressure (MP) system combines attributes of the HP and LP 

configurations and feed exhaust gas from pre-turbine to pre-compressor. 

The maximum EGR flow rate in each system is limited by the pressure differential across the 

manifolds. The HP configuration can only be used when the intake manifold pressure is sub-

ambient (or rather, when there is an adequate negative pressure differential from exhaust to 

intake), so is not suitable for higher loads in a pressure charged engine. At low load, 

significant intake manifold depression provides a large pressure differential and so high EGR 

rates are possible. Conversely, the pressure differential across a MP or LP system is much 

lower for all engine conditions and so the achievable EGR rate may not be as high, but it 

offers the possibility to use EGR across the entire engine range. The routing of EGR gases 

through the compressor requires further considerations including: transient engine response; 

increased compressor work; compressor efficiency, maximum compressor outlet temperature; 

impact of condensed water droplets; high local compressor blade temperature; and the 

possible deposition of exhaust gas residue/species. [33] 
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2.4 Fuel reforming 

This section provides some background on typical reformate composition, the chemistry of 

fuel reforming and the combustion properties of hydrogen and reformate. 

2.4.1 Reformate 

Reformate is the term given to the mixture of product gases obtained from a reforming 

process that converts HC fuel into hydrogen and CO, amongst other compounds; depending 

on the reactant composition, reformate may include nitrogen, methane (CH4), steam, CO2 and 

various other HCs. Synonyms for reformate often encountered in the literature include 

synthesis gas, syn-gas and hydrogen-rich gas. The specific composition is dependent upon 

many factors including the type of fuel, the catalyst, process temperature, feed gas 

composition and the type of reforming mechanism taking place.  

Hydrogen content 

The combustion characteristics of hydrogen offer a range of benefits for use in automotive 

engines compared with gasoline, with limited negative effects. When hydrogen is introduced 

as a constituent of reformate, depending on the concentration, these benefits may be less 

significant as they are offset by the effects of other combustible and inert gases. Table 2.3 lists 

some of the important properties of hydrogen, CO and methane compared with gasoline. 

With reference to Table 2.3, there are various ways that the properties of hydrogen influence 

combustion and exhaust emissions when combined in a fuel-air mixture with gasoline. The 

comparably low minimum ignition energy of hydrogen provides more stable ignition, and 

high laminar flame velocity speeds up early flame development, reduces combustion 

variability and may increase indicated efficiency. The higher diffusion coefficient may 

improve fuel-air mixing, although this is generally determined by turbulent in-cylinder flow. 
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Table 2.3 – Combustion properties of hydrogen, CO, methane and gasoline (Stoichiometric 

unless stated) [38, 68-70] 

 Hydrogen CO Methane Gasoline 
1
 Syn-gas 

2 

Lower heating value (MJ/kg) 120 10.1 50.4 44 11.9 

Energy density (MJ/m
3
) 10.3 12.6 34.2 202 9.3 

Net energy density of fuel-air 

mixture (MJ/kmol) 
71.5 83.6 84.3 76.3 72.0 

Air/fuel ratio 34.1 2.45 17.3 14.7 3.13 

Flammability limit, 

equivalence ratio in air 
0.1-7.14 0.34- 0.5-1.42 0.68-3.95 - 

Laminar flame velocity (cm/s) 237 40 42 41.4 105 

Adiabatic flame temperature 

(K) 
2318 2394 2230 2148 2285 

Minimum autoignition 

temperature (K) 
858 882 813 500-744 - 

Diffusion coefficient (cm
2
/s) 0.61 - 0.05 0.16 - 

Quenching distance (cm) 0.06 - 0.2 0.2 - 

Minimum ignition energy (MJ) 0.02 - 0.29 0.24 - 

1 Iso-octane (C8H18), 
2 Syn-gas with composition 40:40:20 H2:CO:N2 

A shorter flame quenching distance should provide a more complete combustion by being 

able to oxidise HCs closer to the combustion chamber walls, resulting in lower unburned 

HCs. Wider flammability limits extend the usable range of AFRs, particularly useful for 

increasing efficiency with lean AFRs. Less positive effects include the reduction of peak 

engine power because there is a lower energy density of the combustion mixture, and there 

may be increased NOx formation if the higher adiabatic flame temperature of hydrogen causes 

sustained higher combustion temperature. [38]  

CO and other constituents 

CO is an important component of reformate as it is combustible and its concentration in 

reformate is often close to that of hydrogen. It has a higher net energy density (for a 
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stoichiometric mixture with air) than hydrogen, despite its significantly lower calorific value, 

due to its much lower stoichiometric AFR. This is significant for a gaseous fuel as the 

combustion mixture is inducted into an engine on a volumetric basis and so, if the air 

requirement is high, the power potential is reduced (for fixed engine VE). In addition, 

hydrogen and CO have high octane numbers and “inhibit knock by slowing autoignition 

chemistry and slightly increasing flame speed” [71], so reformate addition should increase the 

octane number of the fuel mixture. 

Reformate has a significant nitrogen content that provides a diluting effect on combustion 

similarly to EGR [68]. The source of the nitrogen is either from air supplied for the reforming 

reactions or from the engine’s EGR stream, depending on the reforming mechanism in use. 

Steam and CO2 are also present in reformate as products of oxidation in the reformer, or in-

cylinder combustion, both of which provide a further diluting effect [16].  

HCs may be present in reformate if some fuel breaks though the reactor because the reforming 

reactions do not reach completion. The HC concentration depends on the thermodynamic 

equilibrium composition of the reformate and the progression of the reforming reaction 

towards that equilibrium. Factors that affect fuel conversion include temperature, reactant 

flow rate (or gas hourly space velocity – GHSV), catalyst formulation and fuel concentration.  

In a study by Gomes et al. [72] fuel conversion rates varied between 20% and 100% for 

REGR at a range of temperatures and catalyst mass/fuel flow ratios, showing that higher 

temperature and catalyst mass tend to increase fuel conversion. 

2.4.2 Reforming reactions and thermodynamics 

While the context of this discussion is focused on gasoline reforming, it is relevant to 

reforming of any HC fuel. One significant difference between exhaust gas reforming of 
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gasoline and diesel is the relatively high oxygen concentration in diesel engine exhaust gas; 

this means that some diesel fuel must be initially consumed in oxidation reactions, which can 

be detrimental to the reforming process efficiency. This would also be applicable to gasoline 

reforming under lean exhaust conditions. For reference, Tsolakis et al. present research 

investigating reforming of diesel and biodiesel for use in CI engines [6, 73] while Abu-Jrai 

compares REGR with diesel and GTL fuelling [74] and Rodriguez-Fernandez investigates 

REGR combined with HC-SCR aftertreatment for diesel engines [5]. 

The two primary reforming reactions of interest in gasoline reforming are dry reforming and 

steam reforming (Equation 2.13 and Equation 2.14 in Table 2.4). In all the example equations, 

CxHy is used to represent a general chemical formula for HC fuel. Dry reforming is an 

endothermic reaction in which fuel reacts with CO2 to produce hydrogen and CO. 

Theoretically this reforming reaction exhibits the highest overall process efficiency as it has 

the highest enthalpy of formation (Table 2.4). The steam reforming reaction is also 

endothermic and utilises steam to produce hydrogen and CO, and is more active at lower 

temperature than dry reforming. 

If oxygen is present in the exhaust gas then some fuel will be consumed by highly exothermic 

oxidation reactions. Exhaust gas fuel reforming studies [2, 75] have revealed that the 

combustion reaction (Equation 2.15) prevails, but there may feasibly be some partial 

oxidation (Equation 2.16). In some applications such as the partial oxidation reformer, these 

reactions are used to increase the catalyst temperature and promote the endothermic reactions 

to improve the hydrogen yield, but at the expense of overall process efficiency. 
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The slightly exothermic WGS reaction (Equation 2.17) can be useful for increasing the 

hydrogen concentration by reacting CO, which has already been produced by the other 

reforming reactions, with excess steam not consumed by steam reforming. 

Table 2.4 - General formulae for the key reforming reactions in HC reforming 

Reaction General chemical formula 

Enthalpy of 

reaction, kJ/mol 
1  

Dry reforming: @ �B + :@(+   → 2:@( + D2 �+ ∆hR = (+ 1588) Equation 2.13 

Steam reforming: @ �B + :�+(  → :@( + (: + D2)�+ ∆hR = (+ 1259) Equation 2.14 

Combustion: @ �B + (: + D4)(+   → :@(+ + D2 �+( ∆hR = (− 5116) Equation 2.15 

Partial oxidation: @ �B + :2 (+   → :@( + D2 �+ ∆hR = (− 676) Equation 2.16 

Water-gas shift: @( + �+( ⇌ @(+ + �+ ∆hR = (− 283) Equation 2.17 

Methanation: @( + 3�+  ⇌ @�L + �+( ∆hR = (− 206) Equation 2.18 

Methanation: @(+ + 4�+  ⇌ @�L + 2�+( ∆hR = (− 165) Equation 2.19 

1 when calculating the enthalpy of reaction it was assumed that: HC fuel is n-octane; reactions go to 

completion; products and reactants are at 25°C and 1 atm; and water is in the gas state 

Thermodynamic data from [63] 

The WGS reaction is reversible and so the local catalyst temperature defines the reaction 

equilibrium position. The variation of the WGS reaction equilibrium constant with 

temperature is illustrated in Figure 2.5, which indicates that the molar fraction of hydrogen at 

equilibrium reduces with increasing temperature.  

Finally, under certain reforming conditions methanation reactions may occur. These are not 

preferable as, firstly, they are exothermic and, secondly, they consume hydrogen in reactions 

with CO (Equation 2.18) and CO2 (Equation 2.19) to produce methane, and so reduce the 

potential hydrogen yield. 
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Figure 2.5 - Variation of the WGS reaction equilibrium constant, K with temperature 

2.4.3 Reforming catalysts 

In order to achieve effective exhaust gas reforming at realistic exhaust temperature a precious 

metal catalyst is required. This work is not concerned with the development of the reforming 

catalyst, rather the application of existing catalysts to the gasoline engine application. Johnson 

Matthey developed and supplied the catalysts used in this work. Some catalyst development 

was performed as part of the wider CREO research project. The catalysts used in the research 

presented here were Pt-Rh with a ceria-zirconia-alumina (CZA) support, applied to ceramic or 

metallic substrates. The exact specification will be detailed for each investigation. 

Rhodium is possibly the most important precious metal catalyst in this application as it 

effectively promotes the hydrogen generating steam and dry reforming reactions. Platinum is 

included to catalyse the exothermic oxidation and reforming reactions, and there is synergy 

between rhodium and ceria regarding promotion of the steam reforming reaction [75]. 

Zirconia is a valuable addition to the washcoat as it is known to inhibit methanation reactions 

in partial oxidation of iso-octane [77], and also works to stabilise the Pt, Rh and ceria [75]. 

There are various deactivation mechanisms that cause degradation of reformer activity. 

Sintering is a process of thermal deactivation, instigated by high temperature (typically 

0.0

0.5

1.0

1.5

2.0

200 400 600 800 1000

E
q

u
il

ib
ri

u
m

 c
o

n
st

a
n

t,
 K

Temperature, °C

M(!) = ��2(�@(�@(2��2  



Chapter 2: Background and literature review 

 

43 

 

>500°C), and is characterised by the accumulation of precious metal into larger particles; this 

reduces catalytic surface area, hence there is a reduction in activity. The temperature at which 

this process begins, and to what extent it occurs, varies with catalyst formulation. Fouling also 

results in lower catalyst surface area, but is caused by carbonaceous material (coke) or fuel 

additives physically blocking active sites and filling catalyst pores. The effect of coking can 

often be reversed by regeneration at high temperature under oxidising conditions, however 

sintering is a permanent effect. [78] 

Sulphur is well known to deactivate precious metal catalysts; even the low concentration of 

sulphur in gasoline may cause degradation of reformer performance. The precious metal 

catalyst and support compositions will influence the degree of deactivation. In one ethanol 

reforming study [75], Rh-only catalysts were more resistant to sulphur poisoning than Pt-Rh 

catalysts, as well as being easier to regenerate, particularly when combined with a silica-

enriched alumina support. Continued catalyst development will be important to ensure the 

best combination of reformer performance and long-term stability, but is beyond the scope of 

the research documented in this thesis. 

2.4.4 Reformer catalyst development 

The performance of early reforming catalysts at typical exhaust temperatures was relatively 

poor. In 1996, Jamal et al. [16] reported the performance of a prototype exhaust gas fuel 

reformer operating at moderate reactor temperatures (600-650°C). Figure 2.6 shows the 

comparison between predicted and experimental reformate compositions from the prototype 

reformer, with significantly lower concentrations of hydrogen and CO obtained compared to 

the equilibrium composition. The low yields were attributed to a relatively inactive catalyst 

resulting in poor fuel conversion rates. 
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Figure 2.6 - Comparison of predicted equilibrium and actual compositions of reformate at 

oxidant temperature of 650°C and excess oxidant factor of 2.5 [16] 

More recent experimental research conducted on a catalyst developed specifically for exhaust 

gas fuel reforming [79] has achieved hydrogen yields of 14% at 580°C, agreeing with results 

from a thermodynamic equilibrium model based on the minimisation of the Gibbs free energy 

(Figure 2.7). The catalyst was found to inhibit methanation reactions, resulting in higher than 

expected hydrogen yield for a given fuel conversion rate as predicted thermodynamically. 

Figure 2.7 shows the correlation in hydrogen production and significantly lower methane 

formation. Conversion rates of iso-octane were between 58-70% and the gas phase 

composition was close to that for thermodynamic equilibrium. 

 

Figure 2.7 - Thermodynamic and experimental product distribution as a function of 

temperature for REGR conditions [79] 
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The extent to which temperature influences reformate composition is obvious from Figure 

2.7. Of particular note is the large variation in hydrogen and CO concentration across the 

temperature range typical of the gasoline engine exhaust, between 400-800°C. This means 

that it is important to ensure efficient heat transfer from the exhaust stream to increase the 

temperature of the reactor bed, and that an effective catalyst is available to bring the reformate 

composition close to thermodynamic equilibrium. 

The thermodynamic model also predicts a trend that results in lower hydrogen yield for 

increasing pressure, a 10% drop when raising pressure from 1.0 to 1.3bar. This result suggests 

that positioning of the reformer late in the exhaust system would be preferable, assuming that 

a significant pressure drop occurs due to the restriction imposed by the exhaust components 

and catalysts. However, the decreasing gas temperature along the exhaust is likely to be of 

greater detriment to reformer performance.  

2.4.5 Automotive applications for fuel reforming 

Autothermal reforming 

Fuel reforming of HC fuels has uses in many industrial applications, and has been widely 

researched as a method for producing hydrogen onboard a vehicle in order to supply a fuel 

cell as part of an electrified powertrain. In a process known as autothermal reforming, the 

steam reforming and partial oxidation reforming reactions are combined, which requires strict 

control of the oxygen/ carbon ratio and steam/ carbon ratio to ensure the correct reaction 

pathways and hydrogen selectivity [80]. In this case, occurrence of the WGS reaction is useful 

for limiting the CO production, but a separate clean up catalyst is required to remove the 

remaining CO from the reformate and achieve a sufficiently pure hydrogen supply (< 20ppm 

CO) as required by the fuel cell [81]. While having not achieved commercial success for the 
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fuel cell application, much of the catalytic technology developed for these fuel reformers is 

applicable to exhaust gas fuel reforming.  

Partial oxidation reformer 

Based on the reaction in Equation 2.16, the partial oxidation reformer converts a rich fuel-air 

mixture into a hydrogen-rich gaseous fuel. There are various types of partial oxidation 

reformer including catalytic [82], electrically heated [83] and plasma-boosted reformers [84]. 

Each type is capable of rapidly increasing the reactor temperature that enables fast start up, 

allowing the engine to be started operating solely on reformate. None of these systems aim to 

achieve exhaust heat recovery. 

Because the exothermic partial oxidation reaction involves the conversion of chemical energy 

from fuel into heat energy the efficiency of the reforming process is always less than one, in 

terms of gaseous fuel energy out compared to liquid fuel energy in. But due to the resulting 

high temperature, hydrogen yields will be higher. Partial oxidation reformers therefore rely 

upon the increase in engine thermal efficiency that may come as a result of reformate 

combustion to compensate for the energy lost in reforming. In depth analysis of system 

efficiency is required in order to justify the technology. 

Exhaust gas fuel reformer 

Uniquely to the exhaust gas fuel reformer, the engine exhaust stream is used as a heat source 

to drive the endothermic reforming reactions, in contrast to the autothermal and partial 

oxidation reformers. The aim of exhaust gas fuel reforming is to ensure that the reforming 

process efficiency becomes greater than one; this means increasing the enthalpy of the 

gaseous product fuel above that of the input gasoline by capturing waste thermal energy from 

the engine exhaust stream. Further efficiency gains from in-cylinder combustion of reformate 
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produces a compound effect, increasing the overall engine-reformer system efficiency. The 

potential of the system is clearly limited by the available exhaust temperature, or rather by the 

transfer of sufficient heat from the exhaust stream to the reformer catalyst.  

At low exhaust temperature, i.e. at low engine load, some air could be introduced to induce 

the exothermic oxidation reactions and raise the temperature of the reformer [85], but the 

overall process efficiency would be reduced depending on the oxygen/fuel ratio. 

Thermodynamic equations that represent the exhaust gas fuel reforming reactions suggest that 

the fuel enthalpy can be raised by the overall endothermic process from 41.8 MJ/kg for 

gasoline to 55.2 MJ/kg for the reformate [16]. 

2.5 Combustion of hydrogen and reformate in gasoline engines 

A significant amount of research has been conducted worldwide into the combustion of 

hydrogen in internal combustion engines, ranging from pure hydrogen combustion to the 

addition of a small fraction of hydrogen to the primary fuel. To a lesser extent, similar 

research exists for hydrogen-rich gases such as reformate. This section discusses a selection 

of the most relevant research. 

2.5.1 Fractional hydrogen addition to gasoline engines 

Combustion performance and engine efficiency 

For a GDI engine operating with an undiluted, homogeneous charge it has been shown that 

hydrogen addition retards the ignition timing for maximum torque [38]. This can be attributed 

to the faster burn rate of hydrogen, which increases the rate of flame propagation and shortens 

the overall combustion process. If the ignition timing remains unchanged, hydrogen causes a 

more rapid pressure rise during the compression stroke, thus increasing the pumping work, 

which in turn reduces efficiency. The effect was found to be less significant for rich mixtures 
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as they are inherently faster burning. Hydrogen addition also improves combustion stability, 

again being more significant for stoichiometric than rich combustion.  

Alger et al. [86] report the effect of small amounts (up to 1% vol) of hydrogen on the EGR 

tolerance of an SI engine. It was shown that while operating with EGR at the combustion 

stability limit, defined by a coefficient of variation of indicated mean effective pressure (COV 

of IMEP) > 5%, only a very small fraction of hydrogen was required to stabilise the engine, 

just 0.2% in most cases. In another set of tests, 1% hydrogen addition extended the EGR 

tolerance at all engine conditions tested, providing benefits to engine efficiency and 

emissions. 

Tests by Al-Baghdadi and Al-Janabi [87] demonstrated the effect of hydrogen addition on 

engine performance potential, showing that peak power is increased for up to 2% hydrogen 

addition (fuel mass ratio) due to the high burn rate of hydrogen shortening the combustion 

process. Above 2% hydrogen addition engine power output is reduced due to decreased VE 

and mixture density.  

Recent research [88-95] has focused on the effects of hydrogen addition to lean and low load 

conditions, finding that hydrogen increases thermal efficiency, reduces the variation of peak 

in-cylinder pressure, and increases and advances the peak in-cylinder temperature and 

pressure. In one study, the lean dilution limit was extended with only 3% hydrogen addition 

[89], however research elsewhere stated “the lean operating limit is extended only when the 

hydrogen percentage in the fuel is higher than 40 per cent by volume” [96]. The extension of 

the dilution limit is obviously heavily case dependent, influenced by engine design, 

combustion system components such as the ignition system, and also what is defined as the 

dilution limit. D’Andrea et al. [97] added hydrogen to a range of lean conditions, reporting 
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increased IMEP and combustion rates for equivalence ratios less than 0.85; for equivalence 

ratios above 0.85, approaching stoichiometric conditions, there was little difference in engine 

performance reported. Hydrogen also reduces cyclic variations for lean combustion [93, 97, 

98]. 

There has also been research into the use of hydrogen with stratified-charge GDI engines. The 

presence of hydrogen in a stratified gasoline-air mixture widens the flammability window, 

mainly on the rich side, and therefore offers a wider range of usable ignition timings [37]. 

There has been little effect on thermal efficiency found when comparing homogeneous and 

stratified charging methods for lean iso-octane combustion with hydrogen addition [95]. 

Experiments by Conte and Boulouchos [37] show that hydrogen in a stratified charge 

consistently increases the combustion rate, and hence the heat release rate, particularly for the 

first stage of combustion. 

Engine emissions 

Hydrogen addition to lean gasoline combustion in the GDI engine reduces engine-out HCs 

and increases CO for a given AFR [88]. However, when compared to stoichiometric 

combustion of gasoline both HC and CO emissions are reduced by hydrogen enriched lean 

combustion [96, 98]. For a given AFR, as hydrogen is added to the charge, faster and more 

complete combustion occurs, hence unburned HCs are reduced. HC emissions are also 

reduced for increasingly lean mixtures (up to a point, until combustion becomes unstable and 

HCs increase) because the higher oxygen concentration enhances the oxidation of HCs during 

and post-combustion. The fact that hydrogen can extend the lean limit enhances this effect. 

CO emissions are reduced by ensuring a more complete combustion process; therefore 

hydrogen can reduce CO emissions directly by ensuring a more rapid and complete burn, and 
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indirectly by allowing increasingly lean AFRs (again increasing the combustion efficiency). 

The effect of hydrogen (and hydrogen in combination with diluted combustion) on 

combustion temperature also influences CO emissions. A reduction in temperature reduces 

the level of CO2 dissociation, reducing CO emissions [22].  

NOx emissions are frequently reported to increase with hydrogen addition [88, 98], but 

Tahtouh [96] states that NOx is mostly affected by equivalence ratio and dilution. Because 

hydrogen addition increases the combustion rate, which raises the in-cylinder temperature and 

pressure, NOx formation increases; however, charge dilution cools combustion. These 

competing effects may explain the disparity in the literature of the effect of hydrogen on CO 

and NOx emissions. At low engine load, hydrogen addition enables the use of significantly 

higher EGR rates [37, 86], for instance the EGR limit can be increased to 50% from 25% for 

undiluted gasoline combustion [86]. Whilst hydrogen addition alone causes an increase in 

NOx emissions, when coupled with EGR a large NOx reduction can in fact be achieved.  

The use of a stratified-charge also influences NOx emissions, which tend to be lower for 

combustion of a hydrogen-enriched charge with stratified gasoline injection compared to 

combustion of a homogeneous gasoline-hydrogen charge [95]. Further to this, Conte and 

Boulouchos [37] report that it is possible to use retarded ignition timing, due to the faster 

combustion rate of hydrogen, which leads to a slight NOx reduction despite the higher 

adiabatic flame temperature of hydrogen. The significant stability improvement for late 

ignition timings also results in lower HCs. Figure 2.8 shows the general trend for increased 

efficiency and reduced NOx with increasing hydrogen concentration and EGR percentage. 

The data, captured from a stratified charge GDI engine at 3bar IMEP, show that NOx 

emissions are reduced while indicated efficiency increases by combining hydrogen addition 

with high EGR rates [37]. 



Chapter 2: Background and literature review 

 

51 

 

 

Figure 2.8 - Trade-off between indicated efficiency and NOx in a stratified-charge GDI engine 

for some combinations of hydrogen addition and EGR [37] 

Hydrogen enhancement has been shown to reduce PM formation in GDI engines [38, 99]; 6% 

hydrogen addition (energy fraction) to a stoichiometric gasoline-air mixture can reduce PM 

number and mass by up to 90% [38]. Similarly, EGR can reduce PM emissions from gasoline 

engines [30, 64-66]. Therefore it may be possible that the use of REGR (containing hydrogen) 

will result in greater PM reductions than can be achieved by conventional EGR alone. 

The most notable effects of partial hydrogen addition to the gasoline engine on combustion 

performance and emissions are summarised in Table 2.5. Within the sources cited there have 

been an extensive range of tests performed at a variety of engine conditions. The general 

trends drawn from these results are identified by arrows signifying an increase or decrease in 

the stated parameter. Where there are two conflicting arrows shown, this identifies a case 

where other engine conditions may affect the same parameter so that hydrogen addition is not 

the primary influence; for example, NOx emissions are generally increased when hydrogen is 

added to the normal gasoline-air combustion mixture due to increased in cylinder temperature 

and pressure, however if charge dilution is introduced through EGR or excess air then NOx 

emissions will be reduced relative to stoichiometric gasoline combustion at comparable 

engine load. 
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Table 2.5 - Effects of partial hydrogen addition on engine performance compared to 

stoichiometric gasoline operation 

Performance Parameter Change  Performance Parameter Change 

Combustion rate   Thermal efficiency  

Combustion stability   System efficiency  

Combustion duration   EGR tolerance  

Ignition timing advance   HC and CO emissions  

In-cylinder pressure   NOx emissions  

Knock tendency   PM emissions  

These studies demonstrate the potential that hydrogen offers for enhancing gasoline 

combustion. The problem is, as ever, in ensuring adequate supply of hydrogen for a multi-

cylinder engine operating within a vehicle, outside the confines of the laboratory. This is 

where fuel reforming shows potential for onboard generation of hydrogen. The next section 

will explore the research that has used simulated reformate (hydrogen, CO and nitrogen) 

rather than hydrogen in isolation. 

2.5.2 Reformate combustion in gasoline engines 

This section discusses data in the literature from experiments that have attempted to replicate 

engine operation with a fuel reformer. This is usually achieved by inducting gaseous 

hydrogen and CO in various compositions, in so called ‘simulated reformate combustion’ 

studies. In this context ‘simulated’ implies that reformate is supplied from a compressed gas 

cylinder, where the composition has been chosen to represent that expected from a particular 

reforming process. 

For clarity and quick comparison, the various reformate compositions used in the work cited 

in the following section are summarised in Table 2.6. Note that the hydrogen and CO 

concentrations are high, always above 20%. This is representative of either a very high 
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temperature reforming process, or predictions based on idealised, thermodynamic equilibrium 

composition at the expected process temperature.  

Table 2.6 - Summary of simulated reformate compositions 

Representative reforming 

process 

Reformate component  

Hydrogen CO Nitrogen Citation 

Partial oxidation 21% 24% 55% [68, 69, 100] 
1
 

Partial oxidation 25% 26% 49% [101] 

Partial oxidation (Plasmatron) 23% 25% 52% [71] 

Partial oxidation (Plasmatron) 25% 26% 49% [102] 

1 The authors of these works cite early research into gasoline partial oxidation reforming by Houseman 

[103] as the basis for their reformate composition selection 

Influence of reformate on engine efficiency 

Much of the research cited relates to partial oxidation reformers [68, 69, 100, 101]. Delphi 

Automotive [68] investigated combustion near the dilute limit using gasoline supplemented 

with 0%, 15%, 30%, 50% and 100% reformate (percentage of total fuel energy as reformate). 

They found that reformate extends the dilution limit and allows for significantly higher charge 

dilution rates to be used; the lean limit equivalence ratio was lowered by 44% as the reformate 

energy fraction increased from 0% to 100%, while the EGR tolerance increased by 115%. 

Lean combustion of reformate tends to be more efficient than stoichiometric combustion of 

reformate with EGR when compared at the dilution limit [68, 69, 101]. As an example of the 

typical engine efficiency benefits published, stoichiometric combustion with maximum EGR 

and 20% reformate (energy fraction) yields a 6% efficiency improvement, while 39% 

reformate improves efficiency by 13%. In comparison, combustion at the lean limit produces 

15% and 20% efficiency gains respectively [69].  
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The improvements in engine efficiency when using reformate combined with charge dilution 

can generally be attributed to: the reduction of pumping losses with high levels of dilution; 

improved combustion phasing initiated by the presence of hydrogen and CO; and the higher 

overall ratio of specific heats of the combustion mixture due to the high nitrogen 

concentration of the reformate. The presence of steam and CO2 in EGR does in fact lower the 

value of the ratio of specific heats of the combustion mixture. It has been suggested by some 

[68] that this effect counters the efficiency gain due to reduced pumping losses, meaning that 

in some cases engine efficiency for reformate combustion with EGR is close to that of 

stoichiometric gasoline combustion. The extent to which this is true is likely to be dependent 

on load and the fraction of work lost to pumping. 

Increasing the reformate fraction for a given dilution rate can result in lower engine 

efficiency, which may be attributed to a higher rate of heat loss to the cylinder walls due to 

increased combustion temperatures; this has been shown to occur for hydrogen enrichment 

[104] and leads to reduced efficiency. This increase in heat loss will not be as large when 

there is a lower reformate quality, i.e. lower hydrogen concentration and greater inert fraction. 

Allgeier at al. [100] investigated engine operation with 100% reformate compared to pure 

gasoline and found that engine efficiency increased by up to 50% at low speed and load. This 

was attributed to: improved engine stability at high EGR rates; reduced pumping work by 

raising the intake manifold pressure with high volumetric flow rates (air + reformate + EGR); 

and high levels of EGR resulting in low combustion temperatures and therefore lower heat 

losses. The efficiency improvements became less significant with increasing speed and load. 

The maximum engine load achievable when using 100% reformate was reduced by around 

40%, because a reformate-air charge has lower energy density that a gasoline-air charge. This 

is a result of using a gaseous fuel, that also includes inert gases in this case, which occupies a 
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portion of the cylinder volume and limits the oxygen available for combustion. Even so, the 

engine efficiency improved due to improved combustion efficiency and lower heat losses. 

Elsewhere, the use of 100% reformate required supercharging to restore the full load engine 

performance [68]. 

Influence of reformate on combustion 

As has already been discussed, hydrogen addition speeds up gasoline combustion. In one 

study, when the combustion process was analysed in three phases (ignition to 5% mass 

fraction burned (MFB), 5-50% MFB and 50-90% MFB) it was found that all phases were 

shortened by reformate addition [69], with the first phase reduced most significantly; Figure 

2.9 shows the trend for increasing combustion speed with reformate energy fraction. The 

presence of fast burning hydrogen obviously has the effect of reducing the main combustion 

phase durations, but it seems that it is most effective for enhancing the early flame 

development. This is because there is a reduced ignition energy as well as a higher laminar 

flame speed; early flame growth is mostly laminar, and the later stages of combustion are 

dominated by turbulent combustion. 

 

Figure 2.9 - Effect of reformate energy fraction on combustion duration (λ=1, no EGR) [69] 
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Unacceptable combustion stability is usually the limiting factor for increasing EGR 

percentage; however, as Figure 2.10 shows, the tolerance to EGR can be increased 

significantly by adding reformate to gasoline combustion while maintaining an acceptable 

COV of IMEP. It should be noted that the 3% [68] and 10% COV of IMEP [69] curves are 

derived from research on different engines, but using the same reformate composition. 

 

Figure 2.10 - Effect of reformate energy fraction on EGR tolerance [68, 69] 

Experimental results [71] have shown that the research octane number of a fuel mixture to be 

increased by 10 when 15% of the liquid fuel is replaced by hydrogen and CO which, 

according to other research [105, 106], would allow for a CR increase of 2. Raising the CR 

from 10 to 14 can reduce specific fuel consumption by 10% [19]. Reformate addition, as well 

as hydrogen and CO addition independently, all show similar trends in reducing the tendency 

to knock [71].  

Engine emissions 

NOx emissions can be reduced by over an order of magnitude as reformate is increased from 

0% to 100% for lean and EGR dilution [68]. Significant NOx reduction can also be achieved 

with relatively low reformate addition when operating with EGR, as shown in Figure 2.11. 

The NOx emissions data are normalised to those for gasoline combustion with maximum 

EGR.  

0

10

20

30

40

50

60

0 20 40 60 80 100

M
a

x
im

u
m

 E
G

R
 (

%
)

Reformate energy fraction (%)

10% COV of IMEP 

3% COV of IMEP 



Chapter 2: Background and literature review 

 

57 

 

 

Figure 2.11 - NOx emissions for EGR diluted gasoline combustion with reformate addition 

(normalised to gasoline combustion with maximum EGR) [68]  

Interestingly, Figure 2.12 shows that NOx emissions are all but eliminated (15ppm) for 37% 

reformate addition when operating at the lean limit [69]. This may suggest that under certain 

conditions an engine utilising a TWC could operate with a lean AFR because the highly 

oxidising nature of the lean exhaust stream wouldn’t necessarily render the TWC inoperable, 

assuming engine-out NOx was sufficiently low. CO and HC emissions would be easily 

oxidised in the ‘TWC’. However, it would be a significant challenge to ensure this approach 

worked effectively under all possible conditions, especially during transient engine operation. 

 

Figure 2.12 - Efficiency gain plotted against NOx emissions for three combustion mixture 

strategies with reformate addition [69] 
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Both EGR and air dilution strategies have proven to be capable of reducing NOx by 98%, 

enabled by the extended dilution limit with reformate enhancement. However, these results 

also revealed an almost linear system efficiency-NOx trade off [101]. 

Some research has presented simultaneously reduced CO, NOx and HC emissions [14] when 

using reformate. Others have presented slightly increased CO and relatively unchanged HC 

emissions [68]. In this work, HC emissions were relatively unchanged compared to undiluted 

gasoline combustion when using fractional reformate addition at the dilution limit, although 

were slightly lower with EGR than air dilution. HC emissions were effectively zero for 100% 

reformate use. These emissions parameters are strongly influenced by AFR, the fraction of 

HC fuel used, the level of charge dilution and the combustion stability; therefore, CO and HC 

emissions results when using reformate are very case dependant.  

In 100% reformate combustion tests [100] the significantly higher EGR limit (increased to 

46% from 12% for pure gasoline) effectively eliminated NOx emissions. HC emissions were 

also reduced to near zero as there was no HC fuel supplied for combustion, although this may 

not be applicable to real reformer operation where HCs can be expected to break though the 

reformer to some degree.  

Use of lower reformate fractions also leads to large reductions of engine-out aromatic 

hydrocarbons (benzene, toluene, etc), of the order of 60% to 70% [107]. This is partly because 

the quantity of HC fuel contained in the raw combustion charge is reduced when replaced by 

reformate, so there is proportionally less HC left unburned. It is also due to reformate 

enabling a more complete combustion process similarly to hydrogen addition. The higher 

flame temperature should assist with oxidation of the more stable aromatic HCs. 
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There was no information found in the literature as to the influence of reformate combustion 

on PM emissions.  

System efficiency 

The results for improved engine efficiency, combustion performance and emissions with 

reformate addition show similar trends as those summarised for hydrogen addition. In some of 

the reformate addition works cited, the total system performance was considered; this takes 

into account the reforming process, which is especially important if there is a net energy loss 

when reforming HC fuel to reformate.  

The reported system efficiencies for simulated partial oxidation reforming vary. In one case, 

when reformate was added to the combustion mixture the estimated system efficiency was 

consistently lower compared to the baseline indolene fuelling, caused by the associated losses 

in the partial oxidation reforming process [101]. However, for other tests using similar 

reformate composition the authors state that, when operating with 100% reformate and high 

EGR, the increased engine efficiency was enough to compensate for losses associated with 

producing reformate with a partial oxidation reformer [100]. 

2.5.3 Engine integrated prototype reformers 

This section discusses results in the literature where a prototype fuel reformer has been 

operated in parallel with a gasoline SI engine and reformate has been supplied to the engine 

for partial or complete fuelling. These prototypes are summarised in Table 2.7. 

Partial reformate fuelling 

Jamal et al. [16] report single-cylinder experiments using reformate derived from a prototype 

exhaust gas fuel reformer operating at moderate temperatures (600 – 650°C). The results 

showed slightly improved overall efficiency, extended lean burn operation for most ignition 
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timings, lower NOx and HC emissions and lower cycle-to-cycle in-cylinder pressure variation.  

These effects were observed despite relatively low hydrogen concentration (2-5%) in the 

reformed gas, with reformate energy fractions in the region of 1% tested. 

The paper by Quader et al. [68] includes tests using an engine fuelled with gasoline and a 

fraction of reformate from a partial oxidation reformer, with the tests replicating those 

performed with bottled reformate for diluted combustion (EGR and lean limit). NOx 

emissions were practically identical for both sources of reformate, shown earlier in Figure 

2.11. HC emissions were higher, assigned to the reformer breakthrough of HC compounds. 

The total system (engine + reformer) efficiency was lower due to energy lost in the 

exothermic partial oxidation reforming process. 

An alternative plasma boosted or “Plasmatron” reformer [84, 102] has been developed based 

on the partial oxidation reaction. The system is electrically powered and uses resistive heating 

to the raise the temperature and produce reformate without the requirement for a catalyst. The 

reformer was integrated with a four-cylinder gasoline engine and was able to improve 

combustion stability at lean operation, improve engine efficiency and reduce NOx emissions 

due to extended dilution. System efficiency was reduced due to the electrical power used in 

the reforming process. 

A combined TWC and fuel reformer [15] used a traditional TWC surrounded by an annular 

reforming catalyst, designed to test the hypothesis that waste heat from the TWC would raise 

the temperature of the reformer to improve performance. The reformate produced contained a 

maximum of 10-11% hydrogen across the various operating points tested, both with and 

without the TWC core fitted, suggesting little effect on maximum yield; the maximum yields 

occurred when the fuel flow rate to the reformer was highest.  
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100% reformate fuelling 

Delphi Automotive Systems developed a fast start up gasoline reformer to reduce NOx and 

HCs during engine start up [82]. By rapidly and directly heating the reformer catalyst using 

combustion of gasoline the engine could be started from cold, being fuelled with 100% 

reformate. The reformer heating period was tested at 2, 5 and 10 seconds prior to firing the 

engine. The early combustion stability was analysed and compared to that for gasoline. 

Starting the engine after 10s reformer pre-heat clearly showed immediate firing and superior 

combustion stability, although a 5s pre-heat gave comparable performance to gasoline. The 2s 

pre-heat results showed misfires and unstable combustion. The resulting HC emissions were 

reduced by up to 75% over those for pure gasoline during early engine running for the 5s and 

10s pre-heat times. Cumulative HC emissions increased for the 2s pre-heat time due to 

misfires and incomplete combustion. HC emissions during the pre-heating period (gasoline 

combustion over the catalyst) showed high test-to-test variability. 

An electrically heated partial oxidation reformer was also designed to fuel a SI engine with 

100% reformate during cold-start to improve combustion performance and emissions [83]. 

Rapid electrical-heating allowed the reformer to fuel the engine during cold starts at ambient 

temperatures as low as -20°C, reducing HC and CO emissions by 80% and 40% respectively. 

Exhaust gas ethanol reformers designed to achieve heat recovery from ethanol-fuelled [13] 

and gasoline-fuelled [12] SI engines have been developed more recently. Ethanol can be 

reformed more easily than the longer chain and more complex (e.g. aromatic) HC components 

of gasoline and so it is possible at lower temperature, typically between 300-350 °C [13] with 

a copper-nickel catalyst. This makes ethanol reforming feasible over most of the operating 

range of a SI engine. While this makes ethanol reforming a potentially attractive technology 
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for reducing fuel consumption and emissions, its application would be limited to countries 

where ethanol or E85 is widely available. 

Table 2.7 - Summary of prototype reformers in the literature  

Operating 

principle 
Fuel Prototype stage Catalyst Reference 

Partial oxidation Gasoline 
Engine integrated 

(single-cylinder) 
Proprietary catalyst [68, 82] 

Electrically heated 

partial oxidation 
Gasoline 

Engine integrated 

(multi-cylinder) 

Non-catalytic 

(Ceramic ‘hot-

surface igniter’) 

[83] 

Plasma-boosted 

(resistive heating) 

partial oxidation 

Gasoline 
Engine integrated 

(multi-cylinder) 
No catalyst required [84] 

Exhaust heated 

(TWC integration) 
Gasoline 

Engine integrated 

(multi-cylinder) 

Proprietary precious 

metal catalyst 
[15] 

Exhaust heated, 

exhaust gas 

reforming 

Ethanol 
Engine integrated 

(multi-cylinder) 
Cu/Pd/C and Cu/Ni [11, 13] 

Exhaust heated, 

exhaust gas 

reforming 

Ethanol 
Engine integrated 

(multi-cylinder) 
Copper [12] 

Exhaust heated, 

exhaust gas 

reforming 

Gasoline 

Engine integrated 

(single-cylinder), 

externally heated,  

Not specified [16] 

Exhaust heated, 

steam reforming 
n-heptane 

Standalone, externally 

heated 
Not specified [108] 

Exhaust heated, 

exhaust gas 

reforming 

Iso-octane 
Standalone, externally 

heated 
1% Rh on Zirconia [79] 

2.6 Predicted mechanisms for improved engine efficiency with REGR 

There are multiple, additive factors that should work to improve engine efficiency with REGR 

across the engine range. The most influential factors are summarised pictorially in Figure 
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2.13, highlighting where in the engine range they are most significant. There is less clarity as 

to where in the engine range heat recovery will be achievable; therefore the area highlighted 

in Figure 2.13 is more suggestive than definitive. A more detailed summary of each of the 

mechanisms follows. 

 

Figure 2.13 - Mechanisms for improving fuel efficiency with REGR across the engine range 

Engine efficiency may be improved by REGR for the following reasons: 

1. Reduced pumping losses at low-mid engine loads due to higher intake manifold 

pressure (there is potential for reducing the pumping work whenever the intake 

manifold pressure under partial vacuum without REGR) 

2. Increased ideal thermodynamic efficiency due to the higher value of the ratio of 

specific heats, γ, of the charge due to lower temperature during combustion 

3. Lower heat losses: lower rate of heat transfer to the combustion chamber walls and 

less energy contained in the exhaust stream due to lower combustion temperatures 

4. Improved combustion phasing due to the elimination or delayed onset of knock 

5. Reduced or eliminated requirement for fuel enrichment at high engine speed and load 

due to lower exhaust temperatures 
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6. Potential for increasing the compression ratio, which leads to improved efficiency 

across the speed/load range 

7. Reduced NOx emissions meaning there is no requirement for ignition retardation, 

which is sometimes used to reduce NOx but also reduces efficiency 

8. Hydrogen from reforming increases combustion stability 

9. Hydrogen from reforming increases combustion efficiency 

10. Heat energy is recovered from the exhaust gas stream and used to drive endothermic 

reforming reactions, converting gasoline into, primarily, hydrogen and CO. This 

process increases the chemical energy of the fuel injected into the reformer, which is 

later inducted into the cylinder for combustion 

Points 1-7 can also be said for conventional EGR; however, REGR is expected to enhance the 

contribution from each factor. For many operating conditions, the maximum EGR rate is 

limited by the deterioration of combustion stability. The literature review has highlighted 

results that show hydrogen can enable higher dilution rates to be used in gasoline engines and 

so REGR should offer the potential to equal or excel the engine efficiency benefits of EGR, in 

addition to achieving heat recovery from the exhaust stream.  

Much of the work cited has involved engine operation fuelled by gasoline supplemented with 

high quality reformate and using excess air dilution. Some sources have investigated 

reformate or hydrogen with EGR-diluted combustion, and a minority have used a stratified 

charge. There has been little work dedicated to the use of reformate with homogeneous, 

stoichiometric GDI engines, or with reformate having composition that is representative of a 

real exhaust gas fuel reforming process at gasoline engine exhaust temperatures, i.e. lower 

quality reformate than is predicted by thermodynamic equilibrium calculations for high 

process temperatures. 
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2.7 Conclusion 

The aim when implementing an exhaust gas fuel reformer or REGR system with a GDI 

engine should be to maximise the REGR rate at all conditions in order to: 

1. Maximise exhaust heat recovery and generate the highest possible increase in fuel 

energy 

2. Achieve the maximum reduction in pumping loss for all low load conditions, when the 

intake manifold is normally under significant vacuum 

3. Minimise the regions of operation when optimum combustion phasing is not 

achievable due to knocking combustion 

4. Eliminate fuel enrichment from high speed/load regions of the engine map 

Factors that may work to limit the achievable REGR rate are: 

1. The reduction in combustion stability, which is heavily influenced by the hydrogen 

concentration in the REGR stream 

2. Increased HC emissions 

3. Increased boost requirement at high loads 

4. Reduced reformer efficiency due to high GHSV at the maximum REGR rate 

5. Cooling capacity of the re-circulated gas heat exchangers 

6. Low EGT due to heavily diluted combustion leading to reduced reformer efficiency or 

ineffective reformer operation 

If the EGT is sufficiently low to render fuel reforming impractical at low engine loads, EGR 

could still be used to provide the normal benefits to engine performance. Additionally, 

passing raw exhaust gas over the reforming catalyst acts as a regeneration process; in contrast 

to some other aftertreatment catalysts, the regeneration process will not result in drastically 
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reduced engine efficiency, in fact being regenerated while operating in a regime more 

efficient than the baseline. 
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CHAPTER 3   

EXPERIMENTAL FACILITIES  

Section 3.1 provides a brief overview of the single-cylinder GDI engine test cell that was used 

for the research presented in Chapter 4. This was an existing test cell that had been used and 

developed by former postgraduate researchers, and has been described in detail in previous 

theses [109, 110]. The remaining chapters contain the main body of research that was 

conducted using a multi-cylinder GDI engine. This test cell was commissioned during the first 

18 months of the research period, with the test cell design, component specification, 

purchasing, project management and much of the installation completed by the author. 

Assistance was provided by Dale Turner and Jake Wallis during the design of some sub-

systems, and by the laboratory technicians (acknowledged earlier) with the heavier 

installation and fabrication work. Section 3.2 provides a detailed overview of the multi-

cylinder engine test cell installation, the various modifications that were made to the base 

engine, the instrumentation and the data acquisition system. 

3.1 Single-cylinder engine test cell 

3.1.1 Test bed and instrumentation 

The single-cylinder GDI research engine was coupled to a DC dynamometer. The engine 

design was based on a modified production cylinder head with four valves per cylinder, dual 

VCT and centrally located spark plug and fuel injector. The displacement volume was 553cm
3
 

(89mm bore/88.9mm stroke) with a geometric compression ratio of 11.5. Engine control and 

data acquisition were achieved by software programmed in LabVIEW. The variable engine 

control parameters included: ignition advance; coil dwell time; start of injection; injector 
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pulse width; IVO angle; and EVC angle. The fuel system supplied gasoline at 150bar from an 

accumulator pressurised with compressed nitrogen. The air flow rate to the engine was 

measured by a positive displacement flow meter coupled to a rotary encoder. The flow of 

diluent gas (compressed bottled nitrogen or reformate) was measured using a variable area 

flow meter and fed to the intake manifold downstream of the throttle, as indicated in Figure 

3.1. A water-cooled Kistler pressure transducer and charge amplifier measured in-cylinder 

pressure. An ETAS lambda meter measured the excess air ratio in the exhaust stream and was 

used to indicate AFR. For all tests the engine was operated with the dynamometer in constant 

speed mode, controlled to 1500rpm, and the engine water and oil temperatures were 

controlled to 95°C and 85°C respectively. 

 

Figure 3.1 - GDI engine schematic including diluent induction 

3.2 Multi-cylinder engine test cell 

3.2.1 Engine 

The engine used for the majority of the research was a 2L, four-cylinder turbocharged GDI 

engine with side-mounted solenoid fuel injectors and centrally located spark plugs. It is 

considered to be a first-generation air-guided DI combustion system design. The exhaust 

manifold is divided to the turbine entry in order to minimise detrimental pressure wave 

interactions between successively firing cylinders. Exhaust gas aftertreatment consists of a 
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conventional close-coupled TWC; therefore the engine uses a homogeneous, stoichiometric 

combustion strategy. 

The low pressure fuel system uses a 12V electric fuel pump to supply fuel regulated at 4bar to 

the camshaft-driven high pressure fuel pump. Fuel rail pressure is varied depending on engine 

operating condition by an ECU controlled solenoid valve integrated with the fuel pump 

assembly. An air to water heat exchanger cooled the intake air to control charge temperature 

measured at the inlet port. Oil cooling was not separately controlled, but used the standard 

fitment heat exchanger fed by engine coolant. For the purposes of maintaining the auxiliary 

drive-belt arrangement, an oil to water heat exchanger cooled the fluid circulated by the 

power steering pump. Further details of the engine specification are listed in Table 3.1. 

Table 3.1 - Engine specification 

Feature Specification 

No. of cylinders 4 

Firing order 1-2-4-3 

Displacement 1999cc 

Compression ratio 10:1 

Bore x stroke 87.5 x 83.1mm 

Turbocharger Borg Warner k03 with variable wastegate 

Rated power 149kW at 6000rpm 

Rated torque 300Nm at 1750-4500rpm 

Valvetrain 
Four valves per cylinder, dual overhead camshafts with dual 

continuously variable electro-hydraulic phasing 

Engine management Bosch ME17 

Emissions control TWC, meets Euro 5 regulations 

Fuel system 
Camshaft driven, high pressure pump with solenoid actuated 

pressure control, injection pressure variable up to 200bar 

Fuel injectors Multi-hole, side mounted, solenoid actuated 

Piston design ‘Flat’ top (shallow air-guiding features) 
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3.2.2 Dynamometer 

The engine was coupled with a 75kW AC dynamometer and inverter drive capable of 

motoring and absorption/regeneration. The peak engine load is higher than the dynamometer 

is capable of for sustained operation (S1 curve in Figure 3.2), but for periodic operation the 

peak engine load can be absorbed up to approximately 3500rpm. This means the engine could 

potentially overload the dynamometer at high speed; however, this was avoided by 

programming appropriate warning alarms and shut-down limits into the dynamometer control 

system. Figure 3.3 shows the engine and dynamometer installed in the test cell installation. 

3.2.3 Exhaust gas recirculation system 

In production specification the engine does not use external EGR, instead utilising dual VCT 

to induce internal EGR when required. An external EGR system was designed to provide 

flexibility in comparing alternative EGR system configurations, and would allow EGR or 

reformer operation across the entire engine range. The system is configured as in Figure 3.4 

and allows for use of two distinct types of EGR loop, defined as High Pressure (HP) and 

Mixed Pressure (MP). Exhaust gas is drawn from before the turbine and fed into the intake air 

stream either at the manifold (HP) or pre-compressor (MP). A second EGR cooler on the HP 

system was implemented to increase the cooling capacity and allow for high EGR rates to be 

used without increasing the charge temperature (at the inlet port) to unacceptable levels. With 

the MP system additional cooling capacity is provided by the main charge air cooler. 

The EGR valves installed in each system could not be operated simultaneously, and were 

controlled using a standalone control unit supplied by Pierburg (the valve manufacturer). The 

control unit required a pulse-width modulated (PWM) input signal to specify the desired 
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Figure 3.4 - EGR system schematic (a) showing the high pressure (HP) and mixed pressure 

(MP) system configurations with gaseous fuel induction, and the test cell installation (b) 

3.2.4 Instrumentation and data acquisition 

The CADET dynamometer control system, supplied by CP Engineering, provided data 

acquisition (DAQ) for engine speed and load, critical fluid temperatures and a variety of 

analogue and thermocouple (TC) inputs.  

Fuel flow measurement was achieved with a Rheonik RM015 Coriolis fuel flow meter that 

provides continuous flow measurement in the range 0 to 20 kg/h, with an accuracy of ±0.12% 

over most of this range, increasing to 0.2% at 0.24 kg/h. The fuel supply temperature control 

was provided by a fuel conditioning unit sourced from CP Engineering, and set to 28°C for all 

tests. 

The engine’s cylinder head was machined to allow the cylinder pressure to be measured by a 

sensor mounted flush with the combustion chamber roof of cylinder number four. Pressure 

indication was provided by an AVL piezo-electric pressure transducer and charge amplifier, 

referenced to the engine cycle using a Baumer 720 pulse per revolution magnetic rotary 

encoder. An absolute pressure transducer located in the intake runner close to the port entry 
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was used to reference the cylinder pressure trace to the intake manifold pressure at bottom 

dead centre (BDC) after the intake stroke. 

A development specification ECU provided by the engine manufacturer enabled access to the 

engine calibration, sensor readings and other calculated parameters. A small selection of the 

available data was acquired using a controller area network (CAN) hub and interface 

application from Accurate Technologies Inc. 

Acquisition of additional data involved the utilisation of two National Instruments PCI-6251 

cards, which each provide 16 analogue inputs (AI), two analogue outputs (AO), 16 digital 

input/outputs (DI/O) and two onboard counter/timers. A BNC-2090 breakout box is required 

for each card. The maximum sample rate of these cards was 2MS/s. This was deemed to be 

adequate for low frequency sampling of up to 16 AI channels, or high frequency sampling of 

fewer channels, for instance when used for combustion analysis. A LabVIEW application 

controlled the acquisition of in-cylinder pressure data. Samples were triggered by the shaft 

encoder at 0.5° crank angle (CA) intervals. Online calculation of IMEP, COV of IMEP, peak 

pressure and position of peak pressure was available when required, but more in-depth 

analysis of pressure data and calculation of combustion parameters were handled during post 

processing (detailed in section 3.6). Exhaust emission data was collected using another 

LabVIEW application with a lower sample rate of 5Hz. 

Additional instrumentation required for the prototype reformer included two standalone 

thermocouple amplifiers used to collect 16 channels of reformer temperature data, and 

reformate composition data collected using the Fourier transform infra-red (FTIR) analyser. 

The EGR valve position and reformer injector settings were logged by the EGR valve control 

LabVIEW application. The arrangement of the major test cell hardware and data acquisition 
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components is detailed schematically in Figure 3.5. A comprehensive list of the channels of 

data acquired from the multi-cylinder engine test cell is included in Appendix 1. Details of 

measurement accuracy associated with the instrumentation are provided in Appendix 2. 

 

Figure 3.5 - Data acquisition (DAQ) and control system hardware schematic 

3.3 Fuels 

3.3.1 Gasoline specification 

The pump-grade gasoline used throughout the course of the research was supplied by Shell 

Fuels, and the specification is provided in Table 3.2. 

3.3.2 Gaseous fuel induction 

A system was designed to enable dual-fuel engine operation by inducting gaseous fuel (e.g. 

hydrogen or simulated reformate) from a compressed gas cylinder into the intake system. This 

would be useful for combustion studies using model reformate. 
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There were various measures taken to ensure safe operation of the system. A flame arrestor 

was installed in the line and a digital signal from the dynamometer control system was used to 

enable remote and automated control of the system via a pneumatically actuated gate valve. 

This meant the gaseous fuel system could only be switched on when the engine was running, 

and the system would automatically shut down should the engine stop unexpectedly. The 

system was leak tested using a portable gas analyser following installation, and the test cell is 

equipped with an air composition/flammability monitoring system as standard. 

The desired gaseous fuel flow rate was set manually using a variable area flow meter, and the 

line pressure set with a variable pressure regulator. The gaseous fuel line was introduced to 

the intake system via the EGR system, positioned after the EGR valve but well upstream of 

the intake manifold. 

Table 3.2 - Shell gasoline specification 

Parameter Specification Measured 

Chemical formula - C5.88 H11.06O0.1 

Research octane number (RON)  95 (min) 96.8 

Motor octane number (MON) 85 (min) 85.2 

Density at 15
o
C, g cm-3 0.72 (min) 0.7332 

Sulphur content, mg/kg 50 (max) 7 

AFR (stoichiometric) - 14.23 

Enthalpy of combustion, MJ/Kg (liq.) - -42.258 

Paraffins, % vol - 12.6 

Isoparaffins, % vol - 33.4 

Olefins (including dienes) , % vol - 14.6 

Naphthenes, % vol - 5.1 

Aromatics, % vol - 28.9 

Oxygenates, % vol - 4.9 
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3.4 Prototype exhaust gas fuel reformer 

3.4.1 Reformer design 

The reformer was designed by Johnson Matthey and consists of a stack of five metallic 

catalyst plates coated with 3.6g/in
3
 of CZA loaded with 3.3% Pt - 1.7% Rh. Each catalyst is 

mounted between two finned stainless steel plates used to seal it from the exhaust stream. The 

reformer plate assembly, shown alone in Figure 3.6 and installed in Figure 3.7, was designed 

to ensure high heat transfer from the hot exhaust gas to the catalyst, using fins on the stainless 

steel surround for increased surface area and a narrow catalyst construction only four cells 

thick. The exhaust stream flows perpendicularly over the reformer plate stack, which is 

positioned after the TWC.  

The reformer feed gas is extracted from the exhaust stream before the TWC, mixed with 

gasoline, and routed around the outer skin of the TWC to assist with fuel vapourisation and 

feed gas pre-heating. The required flow rate of gasoline was injected into the reformer feed 

gas by varying the pulse-width of a solenoid injector, typically used in PFI engines. The 

injector was mounted to the reformer with a manifold cooled by engine water to protect the 

injector from high exhaust system temperatures.  

Eleven thermocouples were distributed over the central reformer plate according to Figure 

3.8, with additional thermocouples for the feed gas (inlet), reformate (outlet) and the exhaust 

stream before and after passing over the reformer assembly. 

3.4.2 Reformer installation 

The reformer was installed as a sub-section of the EGR system to create the REGR system. 

Generally this was used in the HP configuration (inducting reformate directly into the intake 
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manifold) at low to medium engine load, but flexibility was designed into the system to allow 

MP or low pressure (LP) configurations that would allow the reformer to be operated across 

the full engine range. The LP system involves extracting the raw exhaust gas from after the 

turbine. A schematic of the engine-reformer configuration with REGR system flexibility is 

detailed in Figure 3.9. 

Thermal insulating material was used to lag the entire exhaust and reformer system in order to 

minimise the heat loss to atmosphere and maximise the exhaust temperature at the reformer 

plate interface; this would be critical to ensuring the best system performance. Figure 3.10 

shows the reformer installed on the engine test bed complete with thermal insulation.  

 

Figure 3.6 - End view of the reformer plate assembly, showing the feed gas entry to the five 

catalyst plates 
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Figure 3.9 - REGR configuration with HP, MP and LP system flexibility 

 

Figure 3.10 - Reformer installed on the engine test bed 
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parameters (speed, load, etc) provided indirect control of other reformer operating parameters 

such as the exhaust stream temperature at the reformer inlet.  

The variables to be investigated, i.e. those that will influence engine and reformer system 

performance, have been categorised as Primary and Secondary variables. Primary variables 

are those that can be directly controlled by the engine operating parameters or actuator 

settings. Secondary variables are those that are dependent on the primary variables, and have 

significance for the reformer operation but cannot be controlled directly. Figure 3.11 

describes schematically how these variables are related, and also how the output parameters to 

be analysed (combustion and emissions) have an influence on the secondary variables. 

 

Figure 3.11 - Schematic to describe the dependence of reformer operating parameters 

(secondary variables) on the engine operating conditions (primary variables) and the system 

performance parameters (dependant variables – indicated by dashed borders) 

3.4.4 Reformer fuel metering 
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system. The reformer fuel injector was calibrated to establish the flow rate variation with 

signal pulse width (Figure 3.12). Knowledge of the fuel flow rate to the reformer enabled the 

desired feed gas fuel concentration to be targeted, and parameters such as the reformed fuel 

fraction to be calculated. The injector control signal was generated using a custom made 

injector drive controller based on a Texas Instruments LM1949 integrated circuit. The 

LabVIEW application that controlled the EGR valve position also supplied the injector 

controller with a PWM signal, specified by the pulse-width duration (ms) and frequency (Hz), 

in order to vary the fuel flow rate. The calibration curve for injector fuel flow rate in Figure 

3.12 was determined with the signal frequency fixed at 30Hz. This value was chosen to be as 

high as possible in order to minimise the effect of discontinuous fuel delivery on non-uniform 

feed gas composition, while still being able to supply the range of fuel flow rates required 

with variation of the pulse-width alone.  

 

Figure 3.12 - Reformer fuel injector calibration curve 
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status (i.e. ignition is ON) and dynamometer status (i.e. dynamometer is fully operational, and 

the user has actively selected a digital output to request reformer operation). This approach is 

shown schematically in Figure 3.13, with the logic table of Table 3.3 highlighting the 

conditional generation of the injector signal. In addition, software-based logic was included in 

the LabVIEW application to prevent the PWM signal being generated until the EGR valve 

was opened (>10%). 

 

Figure 3.13 - Logic circuit to prevent unsafe reformer injector operation 

Table 3.3 - Logic table for reformer injector operation 

Injector 

Pulse In 

Ignition 

Status 

Dynamometer 

Status 

Injector 

Pulse Out 

0 0 0 0 

0 0 1 0 

0 1 0 0 

0 1 1 0 

1 0 0 0 

1 0 1 0 

1 1 0 0 

1 1 1 1 

 

3.5 Gas composition analysis 

3.5.1 Exhaust gas composition analysis 

Engine-out gaseous emissions were measured using a Horiba MEXA-7100DEGR, which 

provides multi-species analysis for all regulated gaseous (vehicle) emissions. This equipment 

uses the non-dispersive infra-red (NDIR) technique to detect CO2 and CO, the 
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chemiluminescence phenomenon to detect NO and NOx, magneto-pneumatic detection to 

measure the oxygen concentration and a flame ionisation detector (FID) to indicate the total 

hydrocarbon (THC) concentration. The sample line to the analyser was heated to 191°C to 

prevent condensation of HC species and water. The intake manifold CO2 concentration was 

also measured in order to calculate the EGR rate according to Equation 3.1. The measurement 

accuracy of each channel is detailed in Appendix 2. 

EGR Rate, % = (@(+)�����&��(@(+)
 U�	"V :100 Equation 3.1 

At times it was necessary to evaluate the re-circulated gas in terms of mass flow rate, 

particularly when operating with the reformer. The EGR mass flow, �
 ���, was estimated 

using Equation 3.2 and Equation 3.3, where �
��� and �
 ��� are the molar flow rates of intake 

air and EGR respectively, and ��,��� is the calculated molar mass of EGR based on the 

exhaust gas composition.  

�
 ��� = �
 ��� ⋅ ��,��� Equation 3.2 

�
 ��� = �
���X 100YZ[, % − 1\ Equation 3.3 

Generally, the concentration of steam and hydrogen in the engine-out exhaust gas were not 

measured directly but were estimated using Equation 3.4 and Equation 3.5. These equations 

exploit knowledge of the WGS reaction equilibrium and are an accepted method for 

estimating these species’ concentration [111, 112]. 

�+( (%) = 0.5 ∗ _�@` ∗ a(@((%) ∗ @(+(%)); @((%)3.5 ∗ @(+(%)> + 1b 
Equation 3.4 
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�+ (���) = 10000 ∗ c(@((%) ∗ �+((%))3.5 ∗ @(+(%) d 
Equation 3.5 

3.5.2 Reformate composition analysis 

An MKS Instruments Multigas 2030 FTIR spectrometer was used to analyse the reformate 

stream for multiple species, including CO2, CO, water, ammonia and a selection of 

hydrocarbons compounds including methane. A ‘method’ is a collection of spectra to be 

analysed by the FTIR, and that has been proven to give good quantification of individual gas 

species. A method formulated specifically for gasoline combustion (supplied by the 

instrument manufacturer) was used as the basis for the analysis; however ethanol was 

eliminated from the analysis to avoid unfavourable interference with other compounds, on the 

advice of experienced individuals at Johnson Matthey. 

A HP 5890 Series 2 gas chromatograph (GC) coupled with a thermal conductivity detector 

(GC-TCD) and HP 3395 integrator were used to measure the hydrogen concentration in the 

reformate stream. Argon at 40psi acted as the carrier gas to the sample gas supplied at 10psi, 

resulting in the hydrogen peak occurring at 2.4s retention time. The detector was calibrated 

with 30% hydrogen in nitrogen. The GC-TCD was also used at times to measure hydrogen in 

the main engine-out exhaust stream, using the same calibration settings.  

Another HP 5890 Series 2 GC coupled instead with a flame ionisation detector (GC-FID) 

gave in-depth speciation of the HC components of the reformate. The GC was calibrated with 

15 common HCs ranging from C1 to C7. 

The sample lines used for reformate measurement were also heated to 191°C to avoid 

condensation, and were stainless steel to reduce the impact of measurement losses due to the 

high permeation rate of hydrogen through most materials. 
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Table 3.4 - Hydrocarbon species included in the GC-FID calibration 

HC species Formula  HC species Formula  HC species Formula 

Methane CH4  1 - butane C4H10  n-pentane C5H12 

Ethylene C2H4  
1,3-

Butadiene 
C4H6  n-hexane C6H14 

Propylene C3H6  n-butane C4H10  Benzene  C6H6 

Propane C3H8  
3-Methyl-1-

butene 
C5H8  n-heptane C7H16 

Iso-butane C4H10  Iso-pentane C5H12  Toluene C7H8 

3.5.3 Particulate matter measurement 

PM was sampled using a TSI scanning mobility particle sizer (SMPS) consisting of a series 

3080 electrostatic classifier, a 3081 Differential Mobility Analyser and a 3775 Condensation 

Particle Counter. The sample and sheath flow rates were set such that the measurement 

(particle diameter) range was nominally 10-407nm. A TSI rotating disk thermodiluter 

provided heated dilution at 150°C for a wide range of dilution ratios; generally a 30:1 ratio 

was used. The SMPS sampled the exhaust stream after the TWC, due to its influence on 

removing HC species that act as precursors to volatile particle formation [113], and can 

become a significant source of variation in measurements. 

Due to the well known low repeatability of nucleation mode particles [114-117], for some test 

conditions a Topas TDD 590 thermo-denuder was employed in order to guarantee the removal 

of the volatile component of PM, leaving a measurement of only carbonaceous soot. A 

thermo-denuder consists of a tube of activated carbon that, when heated, is effective for the 

removal of HCs by adsorption. Soot passes through, although there are some additional 

particle losses associated with the process. The temperature of the heater in the thermo-
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denuder was set to 400°C as a compromise to ensure evaporation and adsorption of the 

volatile nucleation mode particles while minimising soot oxidation. 

3.6 Data post-processing 

A custom post-processing script was written in MATLAB. The first objective of the script 

was to import and time-align the channels of data obtained by the multiple data acquisition 

sources, as detailed in Appendix 1. After this, the relevant data for each test point could be 

extracted, calculations performed, and a summary file generated that contained information on 

the test conditions, set points, measured data and calculated parameters. It should be 

acknowledged that the combustion analysis calculations originate from a MATLAB script 

written by the ICE group in Oxford, and were previously used for analysis of the single-

cylinder engine test data. 

3.6.1 Combustion process analysis 

Heat release rate and mass fraction burned 

The measured cylinder pressure data were used for analysis of the combustion process. 

Equation 3.6 was used to estimate the net heat release rate. The ratio of specific heats, γ for 

the cylinder contents was estimated from the gradient of the logarithmic pressure-volume 

curve during the compression and expansion phases, and smoothed at the transition. 

���e = ## − 1 � ���e + 1# − 1 � ���e Equation 3.6 

The mass fraction of fuel burned was inferred from the integral of heat release rate using 

Equation 3.7, where the MFB at a given crankshaft rotation, θ° after combustion initiation is 

the ratio of the cumulative heat release, QRCum to the total heat release, QRT. This generates a 

normalised MFB curve where 0 is combustion initiation and 1 is the end of combustion. The 
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crankshaft position that has a MFB value of 0.5 identifies when half of the fuel has been 

burned, is referred to as MFB50% and has been used to specify the combustion phasing. In 

the work that follows, the main combustion duration has been defined as MFB10-90% and the 

combustion initiation duration as MFB0-10%. 

�fg(�) = �[%	� (�)�[h  Equation 3.7 

Combustion efficiency 

An indication of the combustion process efficiency was derived using Equation 3.8 by 

calculating the combustion inefficiency from the engine-out exhaust composition. This 

estimates the energy associated with the combustible species that remain in the exhaust gas 

using the lower heating value, LHVx and the calculated mass flow, �
  ,
  of species x in the 

exhaust stream. The LHV of the measured HCs is assumed to be that for gasoline.  

$%&�' = 1 −  ci���j. �
 kl,
  + ���k+. �
 k+,
  + ���lm. �
 lm,
 n(!o0pq rs9q ts��qu9�, vw/t) d Equation 3.8 

3.6.2 Engine performance and efficiency 

Mean effective pressure (MEP) provides a normalised value for engine load, useful for 

comparison of data from engines with alternative design or configuration. MEP was 

calculated for each of the four cycle strokes using Equation 3.9, where �̅ is the mean cylinder 

pressure during an interval of crank rotation resulting in piston displacement volume, ��, and 

Vs is the total swept volume over the stroke. 

�Y� = ∑ �̅���"  Equation 3.9 
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The total cycle IMEP can then be calculated by summation of the individual stroke MEPs 

(Equation 3.10). Pumping MEP (PMEP) represents the negative work associated with the 

exhaust and induction strokes (Equation 3.11). 

y�Y� = �Y�6 + �Y�+ + �Y�z + �Y�L Equation 3.10 

��Y� = �Y�6 + �Y�L Equation 3.11 

A measure of the engine’s operational stability, or combustion stability, was provided by 

analysing the COV of IMEP for 300 consecutive engine cycles using Equation 3.12. 

@(� or y�Y� (%) = _{0p��pH� |9}up0uo� (y�Y�)�9p� (y�Y�) ` ⋅ 100 Equation 3.12 

Indicated engine thermal efficiency, $��� was evaluated for the indicated cylinder with 

Equation 3.13. This quantifies the efficiency with which the engine converts fuel energy into 

mechanical work, and requires calculation of the indicated cylinder power, ���� (Equation 

3.14) from the IMEP and the fuel flow to the cylinder in question. 

$��� = �����
 �	
� ⋅ ����	
�  Equation 3.13 

���� =  12 ⋅ y�Y� ⋅ �" ⋅ *6000  Equation 3.14 

Brake specific fuel consumption (BSFC) was calculated with Equation 3.15 and was used to 

quantify the engine fuel efficiency, where brake power, ���, was calculated using Equation 

3.16 based on engine torque, T, as measured by the dynamometer. 

g{f@ = 1000 ⋅ �
 �	
����  Equation 3.15 

��� =  ! ⋅ 2~ ⋅ *60000  Equation 3.16 
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CHAPTER 4  

 ESTABLISHING REFORMING CATALYST PERFORMANCE AND 

THE EFFECTS OF REFORMATE COMBUSTION ON GDI ENGINE 

EFFICIENCY AND EMISSIONS 1 

As discussed in Chapter 2, reformate produced by exhaust gas fuel reforming at moderate 

reaction temperatures tends to contain a lower concentration of hydrogen and CO in 

comparison with other reforming technologies that rely on exothermic reactions to raise the 

process temperature. For example, exhaust gas reforming experiments at 650 °C produced 

reformate with 5% hydrogen and 2% CO [16], whereas typical concentrations for exothermic 

partial oxidation reforming are likely to be in the region of 15% hydrogen and 20% CO [83] 

or higher. Many previous reformate combustion studies have used reformate with high quality 

compositions such as this, which are not necessarily achievable in practice with an exhaust 

gas fuel reformer.  

Section 4.1 aims to establish the performance of current Pt-Rh reformer catalysts at typical 

gasoline engine exhaust stream temperature, and therefore offer a more realistic prediction for 

achievable reformate composition. 

Section 4.2 uses information gained in section 4.1 in order to determine the effects of partial 

reformate fuelling (REGR) on GDI engine combustion and emissions performance, with tests 

performed on a single-cylinder GDI engine. The tests were designed to compare REGR to 

conventional EGR and the GDI engine baseline.  

                                                 
1
 This chapter forms the basis of a published technical paper [17] 
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4.1 Reforming studies 

4.1.1 Johnson Matthey thermodynamic and experimental reforming studies 

Initially, a thermodynamic study was performed by Johnson Matthey to predict the gas 

composition of reformate produced by reforming under gasoline exhaust conditions. 

Calculations were based on the minimisation of Gibbs free energy of an adiabatic reactor. 

Methane was considered as inert. In these fuel reforming studies and those in the literature 

[79], at low temperature the measured methane production was well below equilibrium and 

usually negligible. The thermodynamic quantities of hydrogen, CO and CO2 expected after 

reforming were calculated based on the chosen reactor feed gas compositions, summarised in 

Table 4.1, which approximated stoichiometric GDI engine exhaust gas with the addition of 

iso-octane. 

Table 4.1 - Reactor feed gas composition 

Species Concentration (% vol) 

CO2 10 

H2O 10 

CO 2 

Oxygen 1 

Iso-octane 0.3, 0.5, 0.8, 1.0 

Nitrogen Balance 

In the experimental study a Pt(2%)-Rh(1%)/CZA catalyst on a 1”x3” ceramic monolith with 

600 cells per square inch, was used to reform iso-octane, which was vaporised and mixed with 

model exhaust gas (with composition as specified in Table 4.1) upstream of a furnace heated 

reactor vessel. Iso-octane was selected as the model fuel to avoid difficulties in vaporising and 

analysing a multi-component mixture such as gasoline. A range of fuel concentrations were 

tested to determine catalyst performance at furnace temperatures between 300 and 600°C and 
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a GHSV of 22,000h
-1

. The full dataset is not included here, but a selection is compared to data 

from the following tests later, in Figure 4.4. 

4.1.2 Furnace heated catalytic reforming of gasoline 

Reforming tests were also performed by the author using real exhaust gas from the single-

cylinder GDI engine for the reforming of gasoline, rather than iso-octane. The engine was 

operated with a stoichiometric AFR and therefore the exhaust oxygen concentration was low 

at 0.7%. A catalyst of identical size and formulation (Pt(2%)-Rh(1%)/CZA) was held in a 

reactor vessel and heated by a furnace. Figure 4.1 shows the experimental setup. 

The flow rate of the reactor feed gas was 10L/min (15759hr
-1

 GHSV). Gasoline was 

introduced to the reactor from a syringe pump via a heated ultrasonic atomiser so that the 

volumetric concentration of gasoline in the feed gas was approximately 0.6% and 1.2%. The 

reformer performance was analysed at furnace temperatures of 400, 500, 600 and 700°C. The 

monolith temperature profile was recorded using a thermocouple housed in a tube mounted 

co-axially through the monolith.  

 

Figure 4.1 - Experimental setup for furnace heated reforming study 
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Figure 4.2 shows the monolith temperature profile for a range of reforming conditions. 

Endothermic reforming was evident when the furnace was at 600°C and above (approx 550°C 

at the monolith inlet), but not for lower temperature. The maximum reduction in temperature 

due to the endothermic reforming reactions was approximately 90°C. Hydrogen, CO and CO2 

concentrations for reforming with 0.6% and 1.2% gasoline fractions are shown in Figure 4.3. 

A maximum of 7% hydrogen was produced at 700°C furnace temp for 1.2% gasoline fraction.  

 

Figure 4.2 - Monolith temperature profiles at a range of furnace temperatures for 0.6% and 

1.2% gasoline fraction 

 

Figure 4.3 - Reformate species concentration for 0.6% and 1.2% feed gas fuel fraction 
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These experiments show that by using the Pt-Rh catalyst it is possible to produce hydrogen 

with endothermic reforming reactions when the catalyst inlet temperature is above 

approximately 550°C. 

4.1.3 Model reformate composition  

Figure 4.4 compares the experimental and thermodynamic reformate compositions obtained 

above. The experimental results obtained by Johnson Matthey at catalyst inlet temperatures 

above 450°C show that the hydrogen yield was approximately half of that predicted by the 

thermodynamic model, as was the CO. Hydrogen production was low in comparison to the 

thermodynamic equilibrium concentrations at low temperatures (≤350°C) where the 

reforming reactions are kinetically limited. The CO2 measured experimentally was consistent 

across the temperature range, suggesting there is little influence of dry reforming under these 

conditions. 

 

Figure 4.4 - Comparison of experimental and thermodynamic reformate compositions 

(Tests performed at Johnson Matthey (JM) with 0.5% (vol) iso-octane (GHSV 22,000 h
-1

) and 

at the University of Birmingham (UOB) with 0.6 % (vol) gasoline (GHSV 16,000 h
-1

)) 
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the latter proving to be more difficult to reform due to the presence of aromatic hydrocarbons. 

At higher temperature the production of hydrogen and CO increased, with a corresponding 

drop in CO2 concentration that, in contrast to the previous data, may indicate some dry 

reforming activity. 

It was seen as important to select an achievable reformate composition to use in the later 

combustion tests, rather than an ‘ideal’ composition based on thermodynamic equilibrium 

models. This ultimately means lower hydrogen and CO concentrations. Guided by the 

experimental data, the model reformate used in the series of engine tests that follow in section 

4.2 approximates gasoline reforming at 550°C, and its composition is summarised in Table 

4.2. It was decided that steam would be eliminated from the simulated reformate mixture in 

order to simplify the test procedure. Reformate from exhaust gas fuel reforming contains 

steam in lower concentrations than EGR due to being consumed in steam reforming reactions. 

Additionally, the approximation of EGR used in this study contained no steam. 

Table 4.2 - Properties of the simulated reformate 

Component 

Molar 

conc., % 

Molar 

Mass 

Mass, 

% 

LHV, 

MJ/kg AFR (λ=1) 

H2 5 2 0.4 120 34.1 

CO 4 28 4.0 10.1 2.45 

CO2 10 44 15.5 - - 

N2 81 28 80.1 - - 

Reformate - 28.30 - 0.824 0.217 

The reforming process efficiency was calculated from the experimental data using the 

measured composition that most closely matched the simulated reformate composition. This 

involved estimating the energy content of the reformate relative to the gasoline fuel energy 

supplied to the reformer. When the gasoline concentration in the feed gas was 0.6%, with a 
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catalyst inlet temperature of approximately 550°C, the product reformate contained 5.3% 

hydrogen, 4.8% CO and 10.5% CO2. Reforming at this temperature resulted in 30% of the HC 

fuel passing through the reformer. The calculated reforming process efficiency was 1.34. That 

is, the total fuel enthalpy was increased by 34% by endothermic reforming, with energy 

supplied in this case by a furnace, simulating the hot exhaust stream of the real REGR 

application. 

4.2 Experimental study of simulated reformate combustion 

The tests in this section were designed to compare GDI engine operation with REGR to that 

of conventional EGR, and enabled analysis of combustion and emissions performance for the 

two methods of charge dilution. In order to simplify the experimental procedure and aid 

repeatability, reformate was supplied to the engine from a compressed gas cylinder, rather 

than a real fuel reformer. The reformate composition was summarised in Table 4.2. Due to the 

absence of an EGR loop on the single-cylinder engine, conventional EGR was approximated 

by inducting nitrogen.  

4.2.1 Test conditions 

Initially, the engine performance was established for operation with gasoline and no external 

charge dilution; this is referred to throughout as the baseline condition. The target AFR 

throughout all tests was stoichiometric. Other controlled parameters for all tests included 

valve timings, fixed at -16° and 36° after top dead centre (aTDC) for intake and exhaust 

respectively, as well as fuel pressure, start of injection (SOI) timing, ignition coil dwell time 

and engine speed. Table 4.3 summarises these parameters. Ignition timing sweeps established 

the ignition timing for maximum torque (MBT) at each engine condition; data recorded at 

MBT would later be used when comparing engine and emissions performance between 
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operating conditions. Combustion data were captured and averaged over 300 cycles at each 

steady state test point. Once the baseline engine performance had been established, each test 

point was repeated with charge dilution, first by nitrogen to simulate EGR, then by reformate 

to simulate REGR. In order to maintain engine load and AFR for each test point the throttle 

opening and GDI fuelling were adjusted. It should be noted that the lambda sensor reader was 

programmed with the C:H:O ratio of the gasoline (detailed in Section 3.3.1) and was not 

modified with the addition of reformate. 

Table 4.3 - Fixed engine parameters 

Engine speed 1500rpm Fuel pressure 150bar 

Coolant temp. 95°C Start of Injection 280°bTDC 

Oil temp. 85°C IVO -16°aTDC 

AFR λ = 1 EVC 36°aTDC 

The matrix of test conditions (engine load and dilution rate) is detailed in Table 4.4. The 

column labelled ‘Max’ relates to the level of charge dilution that causes a reduction in 

combustion stability such that the COV of IMEP becomes greater than 5%; this was then the 

maximum achievable charge dilution. The definition of charge dilution in this context differs 

from that defined in Chapter 3, and was instead defined as the percentage of diluent flow 

(nitrogen or reformate) in the total flow into the cylinder and was calculated with Equation 

4.1; the total flow comprises of the combustion air and the diluent. It should be noted that 

reformate was treated as a diluent, despite the presence of combustible gases, to enable 

comparison between EGR and REGR. Results are also presented in later sections that 

compare total inert fraction in the combustion charge. 

|uqs0uo�, % =  �
���	
�V�
��� + �
���	
�V × 100 Equation 4.1 
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Table 4.4 - Matrix of test conditions 

Load, bar 

IMEP 

Charge Dilution, % 

0 5 10 15 20 Max 

3.5       

6.5       

7.5       

4.2.2 Combustion stability 

It is accepted that charge dilution by EGR causes a reduction in combustion stability, which 

becomes a limiting factor in determining the maximum possible recirculation rate. This is 

especially significant at low engine load when combustion is generally less stable. At higher 

engine load, other factors may determine the maximum recirculation rate, such as ensuring 

that sufficient air is available for combustion (dependent on VE) or providing adequate heat 

rejection from the re-circulated gas to maintain an acceptable charge temperature. Limiting 

the deterioration of combustion stability is also important to minimise the adverse effects on 

NVH, which is an important issue in the modern automotive industry. In the following 

analysis, the maximum allowable deterioration of combustion stability is defined by a COV of 

IMEP of 5%. 

Figure 4.5 shows the reduction of combustion stability (rising COV of IMEP) for increasing 

charge dilution, with the maximum allowable dilution being 21% and 27% for EGR and 

REGR respectively. This seems to imply that the presence of hydrogen and CO in REGR, 

even in low concentration, enables higher dilution rates than EGR. This is significant because 

reforming potential, i.e. heat recovery, shouldn’t be limited as severely by the deterioration of 

combustion stability. The combustion stability at the higher load of 6.5bar IMEP didn’t 

deteriorate for either REGR or EGR, being maintained below 1.5% COV of IMEP for all 

dilution rates tested. 
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Figure 4.5 - Effect of EGR and REGR dilution on combustion stability at 3.5bar IMEP 

An alternative way to view the same combustion stability data is to plot against inert fraction 

of the combustion charge instead of dilution percentage. This eliminates the dubious inclusion 

of combustible gases in the diluent flow. Figure 4.6 presents this alternative plot, and shows 

that REGR combustion stability deteriorates more quickly with increasing inert fraction than 

conventional EGR. This may indicate then that the lower inert content of reformate is part of 

the reason for improved combustion stability seen here, rather than it being a beneficial effect 

from the presence of hydrogen and CO alone. 

 

Figure 4.6 - Effect of inert fraction on combustion stability at 3.5bar IMEP 

At this point it may be useful to reiterate the benefits of using increased recirculation rates. 

Lower pumping work occurs as a result of de-throttling and higher intake manifold pressure. 

The higher fraction of inert gas in the combustion charge results in lower combustion 
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temperature and pressure; this leads to reduced heat loss to the cylinder walls and lower NOx 

emissions. A negative effect is that slower combustion rates, indicated by an advanced MBT 

shift and longer combustion durations, will inevitably result in reduced thermodynamic 

efficiency. 

The advancement of MBT with increasing REGR rate at 3.5bar IMEP is apparent in Figure 

4.7; the ignition timing sweep performed for each charge dilution was primarily to find MBT 

but also indicates that the combustion rate slows. The effect of the increasing concentration of 

inert gases in the combustion mixture seems to outweigh any beneficial effect from the 

hydrogen, which has previously been shown to enhance burn rate at concentrations below 1% 

[86]. Figure 4.7 also shows that with REGR there was a wider range of usable ignition 

timings that produce maximum, or close to maximum torque; this is identified by a flatter 

curve near the MBT point and indicates that a lower efficiency penalty will arise if using 

retarded ignition timings for NOx suppression, or if the ignition timing is not calibrated 

optimally. 

 

Figure 4.7 - Ignition timing sweeps at 3.5bar IMEP for a range of REGR rates 

Regarding the MBT shift of EGR and REGR, Figure 4.8 shows that there was very little 

difference at 6.5bar IMEP, just one degree less for REGR. This supports the previous 
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statement that the presence of hydrogen is showing little effect on the combustion rate. In this 

case, because the load is sufficiently high, MBT was limited by knock so these positions have 

been marked in the figure. 

 

Figure 4.8 - Ignition timing sweeps at 6.5bar IMEP with 10% dilution 

 

Figure 4.9 - Ignition timing sweeps at 7.5bar IMEP with 0, 5% and 10% REGR 

The 7.5bar IMEP engine load test points were included in order to further investigate knock 

for the engine operating with REGR. The onset of knock in these tests was defined as the 

minimum ignition timing advance that induces audible knock. Figure 4.9 shows ignition 

timing sweeps for 5% and 10% REGR with the expected advancing MBT shift, similarly to 

lower engine loads. It can also be seen that when REGR is introduced, MBT is no longer 

knock-limited. This is likely to be due to the increased inert fraction of the combustion charge 
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resulting in lower combustion temperatures. Hydrogen and CO have previously been 

identified as octane enhancers [71] and so could also be assisting in the delay of knock onset. 

The ignition timing for knock onset was further advanced by REGR, making true MBT 

achievable, which for a fixed engine condition that is normally knock-limited would imply 

increased engine thermal efficiency. In this case, because the throttle opening and gasoline 

fuelling both change in order to maintain engine load when REGR is introduced, this doesn’t 

necessarily translate directly into an efficiency increase and will require further analysis. The 

advancement of knock onset with increasing REGR is clearer to see when engine load is 

plotted against ignition timing relative to MBT, as in Figure 4.10. When the engine operates 

on gasoline with zero charge dilution, knock occurs 1°CA in advance of MBT, although MBT 

is knock-limited in this case. As REGR is introduced, the onset of knock is advanced 3° and 

4°CA before MBT for 5% and 10% REGR respectively. This suggests that an engine 

operating with REGR could operate closer to true MBT ignition timing with less risk of small 

fluctuations in operating conditions resulting in knock. 

 

Figure 4.10 - Ignition timing sweeps at 7.5bar IMEP (relative to MBT) with 0, 5% and 10% 

REGR 
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When comparing the dilution strategies across the ranges of engine load and dilution rates 

tested, REGR tended to advance knock between 2 - 3° more than EGR for the higher dilution 

rates. The difference between EGR and REGR was negligible for the lower dilution rates. 

4.2.3 Combustion 

Figure 4.11 plots the two major phases of combustion. The flame initiation phase is 

represented by the 0-10% MFB duration and the main combustion period by the 10-90% 

MFB duration. Data for 3.5 and 6.5bar IMEP are plotted for EGR and REGR at MBT ignition 

timings. As might be expected, the effect of increasing charge dilution was to slow down the 

rate of early flame propagation, resulting in a longer 0-10% MFB duration compared to the 

baseline. Hydrogen has a higher laminar flame speed (1.9 to 2.7ms
-1

) compared to gasoline 

(0.4ms
-1

) [68]. This suggests that during the early stages of combustion, when flame growth is 

fundamentally laminar, an air/fuel mixture with a higher concentration of hydrogen would 

exhibit a faster rate of flame growth.  

  

Figure 4.11 - Effect of dilution on flame initiation phase (a) and main combustion phase (b) 

duration 

Figure 4.11a, however, shows that there is no discernible difference in 0-10% MFB duration 

between EGR and REGR, indicating that the small amount of hydrogen present is not aiding 
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early flame growth. A small difference is seen at 3.5bar IMEP as the maximum dilution rates 

are approached – when combustion stability has deteriorated – and REGR flame initiation 

remains slightly faster. 

Burn rate during the main combustion phase is represented in Figure 4.11b by the 10 to 90% 

MFB combustion duration. There is a similar upward trend for both EGR and REGR, 

confirming that combustion rate is reduced by dilution; however, it is apparent that in general 

REGR was able to maintain a slightly faster burn rate for the same level of charge dilution. 

This is due to both the presence of hydrogen and a lower inert fraction in the cylinder charge 

working to slow down the deterioration of combustion rate with increasing dilution. Despite 

the relatively low concentration of hydrogen in the cylinder charge, 0.5% and 1% at 10% and 

20% REGR respectively, the hydrogen has a beneficial effect on combustion speed. This 

apparent effect may be attributed to the stabilising effect of hydrogen rather than a physical 

increase in burn rate, as the data presented are averaged over 300 engine cycles. 

The absence of CO2 in the approximation of EGR used here may be causing an under-

estimation of burn rates compared with actual EGR, as CO2 has a greater deteriorating effect 

on flame growth than nitrogen. The simulated reformate contained 10% CO2 and this, to some 

degree, will have masked the effect that hydrogen and CO had on increasing the combustion 

rate of REGR when compared to EGR. 

The composition of the reformate used in this study approximates that produced by exhaust 

gas fuel reforming at 550°C. Figure 4.12 shows the reduction in EGT with increasing dilution. 

At the higher load of 6.5bar IMEP there was a 40°C drop in EGT from the baseline to 

approximately 560°C at maximum EGR and REGR. At lower load, EGTs were slightly below 

550°C for all conditions, which would result in slightly lower quality reformate than that used 
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in these tests. Referring to Figure 4.4, however, it can be seen that hydrogen production drops 

off rapidly below 450°C. It is therefore significant and encouraging that EGT was maintained 

above 500 °C in these tests, even at low load, and means that a real exhaust gas fuel reformer 

mounted in the exhaust stream should not be ‘switched off’ as a result of recirculation of its 

own product reformate. 

 

Figure 4.12 - Effect of dilution on exhaust gas temperature 

4.2.4 Engine thermal efficiency 

The primary objective of the exhaust gas fuel reforming process is to capture waste heat from 

the exhaust stream and convert it to usable energy in the form of gaseous fuel; therefore 

analysis of the overall system including the reforming process is required, as well as the 

standalone performance of the engine. Indicated efficiency is used to assess engine 

performance in terms of the work generated by the combustion process from the total fuel 

energy supplied to the cylinder in the form of gasoline and reformate. System efficiency 

instead uses the total energy of the gasoline supplied to the cylinder and to the reformer. 

In this case, because there is no actual reforming process, only the indicated engine efficiency 

can be measured directly. System efficiency can be estimated by using the calculated 
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reforming process efficiency from the earlier reforming tests to approximate the amount of 

gasoline required to produce a given flow rate of reformate. 

Figure 4.13 plots the change in indicated efficiency with dilution for 3.5 and 6.5bar IMEP. 

Taking first the lower engine load data, it is apparent that with EGR, efficiency was almost 

constant with only a slight increase up to 20% dilution before dropping off rapidly due to poor 

combustion stability. In contrast, for REGR the indicated efficiency drops off almost linearly 

as the fraction of gasoline replaced by reformate becomes larger with increasing REGR 

dilution.  

 

Figure 4.13 - Effect of dilution on Indicated Efficiency 

At higher load the trend for both EGR and REGR was for increased indicated efficiency with 

dilution. This can be attributed to the increased intake manifold pressure as a result of de-

throttling, which in turn leads to reduced pumping work. In addition, true MBT becomes 

achievable with dilution at higher load. It is clear, however, that the improvement in indicated 

efficiency is smaller for REGR. Presumably this deficit could be reduced to some extent with 

a higher maximum recirculation rate associated with REGR, as for 3.5bar IMEP. 

In Figure 4.14 the estimated system efficiency has been plotted against inert fraction. The 

equivalent gasoline flow rate for each reformate flow rate was calculated, on an energy basis, 
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for a reforming process efficiency of 1.34. This representation indicates similar performance 

for both REGR and EGR. At higher load, both EGR and REGR show increased efficiency 

relative to the baseline gasoline condition. At lower load, the system efficiency for REGR was 

closer to that for EGR when accounting for the reforming process efficiency, but does not 

show an overall increase. These results indicate that to yield a more significant increase in 

system efficiency, the proportion of fuel processed by the reformer should be increased in 

order to recover more exhaust heat. 

 

Figure 4.14 - Effect of inert fraction on system efficiency 

4.2.5 Emissions 

The concentration of NOx in the exhaust stream was measured, and converted into an engine 

power specific value to eliminate the influence of the increased exhaust flow rate due to the 

additional nitrogen or reformate when operating with charge dilution. This allowed for a 

meaningful comparison to the baseline engine NOx emissions. Figure 4.15a plots the 

reduction in specific NOx emissions with charge dilution for both 3.5 and 6.5bar IMEP. At 

3.5bar IMEP the NOx emissions for both EGR and REGR were essentially the same for 

increasing dilution, however both showed a dramatic reduction compared to the baseline 

performance (0% dilution). A further reduction was made possible with REGR due to the 

higher achievable charge dilution, resulting in a 90% drop in engine-out specific NOx. 
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Baseline engine condition NOx emissions were almost doubled at 6.5bar IMEP due to the 

increase in engine load, but were reduced by half for approximately 15% charge dilution with 

both EGR and REGR.  These significant NOx reductions can be attributed to lower in-cylinder 

temperatures, resulting from the greater mass, therefore heat capacity, of the cylinder charge. 

  

Figure 4.15 - Effect of dilution on specific NOx (a) and HC (b) emissions 

Engine-out unburned HCs were also measured. Referring to Figure 4.15b, at 3.5bar IMEP the 

specific HC emissions were approximately doubled for maximum EGR and REGR compared 

to the baseline. It has already been shown that there was deterioration in combustion stability 

with increasing dilution at 3.5bar IMEP. The rapid increase in HCs after 10% dilution at 

3.5bar IMEP signifies that higher cycle-to-cycle variations in combustion performance led to 

more occurrences of incomplete combustion, or misfires, and therefore unburned HCs. It is 

clear that REGR delays the increase in HC emissions, following a similar trend to that for 

combustion stability in Figure 4.5; specifically this means that at 20% dilution REGR, HC 

emission performance is improved by 18% relative to EGR.  

A slight upward trend in specific HC emissions with increasing EGR, and to a lesser degree 

for REGR, is seen at 6.5bar IMEP. Lower in-cylinder temperatures associated with dilution 

result in a reduced rate of reaction in the late stages of combustion, i.e. towards the end of the 
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expansion stroke, and during the exhaust stroke. In a similar way, lower EGTs seen with 

dilution will have slowed down the rate of oxidation of unburned HCs in the exhaust 

manifold. Peak cylinder pressures were relatively consistent for all levels of dilution at each 

engine load, so differences in the amount of unburned mixture forced into crevice volumes is 

likely to have been small. 

The increase in specific HCs is less significant for REGR, and can possibly be attributed to 

the replacement of HC fuel (gasoline) with gaseous fuel in the form of hydrogen and CO in 

the reformate. A more complete burn may also occur due to the homogeneous dispersal of 

hydrogen in the combustion chamber. The quench distance of hydrogen is also smaller than 

gasoline, 0.6mm compared to 2.8mm [69], meaning that the flame front may be able to 

penetrate further into crevice volumes, burning otherwise unburned HCs. Combustion 

stability was consistently good for all test points at this, higher engine load and so doesn’t 

have any impact on HC emissions as for 3.5bar IMEP. Overall, REGR tends to reduce HC 

emissions relative to EGR, although performance is very similar for low levels of charge 

dilution, and a reduction in combustion stability due to either charge dilution method has a 

negative effect on HC emissions. 

4.3 Summary 

The results presented so far have shown how the combustion of reformate in a GDI engine 

can be beneficial to engine performance and emissions. Bottled reformate approximating an 

achievable composition from an exhaust gas fuel reformer was used to compare REGR to 

conventional EGR, and nitrogen was used to approximate EGR. Experimental work using a 

fuel reforming catalyst informed the selection of an achievable reformate composition. 
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The engine test results showed an improvement in combustion stability when operating with 

REGR relative to EGR, allowing for increased charge dilution. This implies that higher 

recirculation rates would enable a greater fraction of fuel to be reformed, thus increasing the 

potential for waste energy capture by an exhaust gas fuel reformer. 

REGR results in a large NOx reduction relative to the baseline gasoline condition, and a 

reduction in HCs relative to EGR. Additionally, REGR enables a wider range of usable 

ignition timings, which would lead to a lower efficiency penalty if additional NOx suppression 

is required by ignition retard. REGR also reduces the tendency to knock. 

Indicated efficiency is slightly reduced at low engine load by both EGR and REGR, while at 

higher engine load both yield increased indicated efficiency, although less so with REGR. 

Because of this, any increase in system efficiency with reformate of this quality would occur 

as a result of exhaust energy capture – i.e. from the associated increase in fuel enthalpy – and 

is not likely to be as a result of increased engine efficiency. Estimated system efficiency 

results that account for the possible fuel enthalpy increase due to a reforming process were 

also presented, showing that performance is comparable for EGR and REGR under the 

conditions tested.  

The benefits of the combustion of reformate presented in this chapter are not as significant as 

those cited in the literature, where reformate with higher energy content has been used. It may 

be expected that REGR will perform better relative to real EGR, rather than the nitrogen 

approximation of EGR used here, because real EGR containing steam and CO2 will have a 

greater influence on engine deterioration than nitrogen dilution. This will be investigated in 

the following chapter.  
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CHAPTER 5  

 IMPROVING THERMAL EFFICIENCY, EMISSIONS AND PM WITH 

REGR: A MULTI-CYLINDER GDI ENGINE STUDY USING SIMULATED 

REFORMATE 

This chapter is concerned with simulating a REGR system on a multi-cylinder GDI engine, 

developing the research detailed in Chapter 4. When planning the experiments, further 

attention was placed on being able to generate a charge composition to more closely represent 

an engine operating with an exhaust gas fuel reformer. Firstly, a custom EGR system allowed 

real exhaust gas diluents to be included in the analysis, unlike in chapter 4 where nitrogen was 

used as the diluent. Secondly, the simulated reformate was not of pre-mixed composition; 

instead, a hydrogen/ CO mixture was added to the EGR flow to create a REGR-like charge 

composition, allowing more flexibility for varying the reformate quality, i.e. the hydrogen and 

CO concentration. Emphasis was placed throughout on comparing performance with REGR 

to the baseline gasoline engine, and also to engine performance with conventional EGR. 

Following further catalyst testing at Johnson Matthey, the reformate composition that may be 

expected from an exhaust gas fuel reformer was re-considered. 

5.1 Preliminary results 
2
 

The preliminary results in this section were used to inform the selection of test conditions for 

the investigations presented later in this chapter. 

                                                 
2
 Parts of this section appear in a research article published by the Int. J. Hydrogen Energy 

[18] 
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5.1.1 Establishing valve timings for low exhaust residuals 

Because of the influence that EGR and REGR has on reducing combustion stability, it was 

important to establish suitable valve timings that result in low trapped exhaust residuals 

(internal EGR) in order to maximise the achievable REGR rate; ultimately, this equates to 

increasing the reformed fuel fraction and the potential for exhaust heat recovery with a real 

fuel reformer. 

Suitable valve timings were determined by analysing the effects of modifying the VCT 

settings on burn rate, combustion stability, emissions (mainly NOx) and manifold pressure; 

taken as a whole, this information quickly gives an indication of the relative concentration of 

trapped exhaust residuals.  

The engine was operated without external EGR at the conditions specified in Table 5.1, and 

ignition timing sweeps were performed for a selection of intake and exhaust valve timing 

combinations. The scripting application of the ECU interface software was used to automate 

the ignition timing and valve timing sweeps. Figure 5.1 displays some data traces recorded 

during one script run. This facility was re-used for EGR and REGR conditions in later tests. 

Data was recorded for each valve timing setpoint at the MBT ignition timing, and the results 

are summarised in Figure 5.2. 

Table 5.1 - Engine conditions during valve timing selection 

Engine speed 2100rpm  Air (post-intercooler) temp 30°C 

Engine load 35Nm  Fuel temp 28°C 

External EGR 0%  Fuel pressure 5.1 MPa 

AFR λ= 1  Start of injection timing 305 °bTDC 

Engine Coolant exit temp 95°C    
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Figure 5.1 - Ignition timing and valve timing sweep 

The ECU limits for IVO retard and EVC advance were 11° and 8°aTDC respectively. The 

standard homologated ECU calibration valve timing at the test point in question was 11° IVO 

and 45° EVC. The results for the baseline calibration valve timing are indicated by a dashed 

border in Figure 5.2. In general the results suggest lower exhaust residuals towards the upper 

left of the valve timing matrix, where the combined valve timings result in a relatively short 

overlap period centred close to TDC. This is immediately obvious from the retardation of 

MBT ignition timings relative to the baseline, where later ignition timing implies a faster burn 

rate. This is confirmed by the combustion duration data; both the early combustion (MFB0-

10%) and main combustion (MFB10-90%) durations are shortened towards the top left of the 

matrix.  

Combustion stability was good for all valve timings at MBT, with COV of IMEP values 

consistently below 2%, and so wasn’t useful as an indicator of trapped residuals. It should be 

noted that the standard calibration does not use MBT ignition timing at this engine condition, 

instead using ignition retard of approximately 8°, presumably for NOx suppression and to 

reduce the pumping work by raising the intake manifold pressure. With retarded ignition 
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timing, combustion stability performance worsens to 4% COV of IMEP, close to the 5% 

limit, and MFB10-90% combustion duration is increased to 32°CA. 

MBT ignition timings Combustion stability, COV of IMEP 

  EVC   EVC 

IVO 8 15 25 30 45 IVO 8 15 25 30 45 

-10 29   32     -10 1.7         

0 28 30 34 0 1.5 1.8   

11 32 32 34 35 40 11 1.9 1.8   1.9 1.9 

Combustion duration, MFB 10-90% 

(°CA) 

Combustion duration, MFB 0-10% 

(°CA) 

  EVC   EVC 

IVO 8 15 25 30 45 IVO 8 15 25 30 45 

-10 23.5         -10 26.2         

0 26.1 28.2   0 25.5 27.9   

11 26.0 25.1   28.1 29.1 11 28.4 28.3   31.2 37.1 

Indicated efficiency Engine-out NOX (ppm) 

  EVC   EVC 

IVO 8 15 25 30 45 IVO 8 15 25 30 45 

-10 0.272         -10 2042         

0 0.276 0.282   0 2002 1697   

11 0.274 0.278   0.272 0.281 11 2038 -   - 952 

Manifold pressure (mbar) Pumping work, PMEP (bar) 

  EVC   EVC 

IVO 8 15 25 30 45 IVO 8 15 25 30 45 

-10 400         -10 0.65         

0 406 420   0 0.63 0.63   

11 433 444   433 487 11 0.60 0.60   0.62 0.59 

Valve overlap period (°CA) Overlap midpoint timing (°aTDC) 

  EVC   EVC 

IVO 8 15 25 30 45 IVO 8 15 25 30 45 

-10 18 25 35 40 55 -10 -2 3 8 10 18 

0 8 15 25 30 45 0 4 8 13 15 23 

11 -3 4 14 19 34 11 9 13 18 21 28 

Figure 5.2 - A selection of results across the valve timing test matrix used to establish valve 

timings for low exhaust residuals 
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Of the valve timings tested, -10° IVO and 8° EVC showed combustion performance 

indicating the lowest trapped exhaust residuals. This was supported by the highest NOx 

emissions occurring at this valve timing. Indicated efficiency was 1% lower than the baseline 

valve timing (at MBT) due to the lower intake manifold pressure and associated increased 

pumping loss. These valve timings were selected as the low exhaust residuals condition to be 

used in the low engine load REGR combustion study in section 5.2.1. 

5.1.2 Selection of appropriate reformate composition 

The reformate composition that may be expected from an exhaust gas fuel reformer was re-

considered following further reformer catalyst performance tests at Johnson Matthey. In 

particular, it was important to determine the hydrogen/CO ratio as these fuels would be 

supplied from a single compressed gas cylinder. Figure 5.3a shows the variation of 

hydrogen/CO ratio with temperature for a selection of Pt-Rh catalyst formulations and 

loadings. The experimental results are also plotted against those predicted by a 

thermodynamic model that is closely matched at all temperatures by the 2%Pt-1%Rh catalyst 

loaded at 2.5g/in
3
. 

 

Figure 5.3 - a) H2/CO ratio in reformate produced by Pt-Rh reforming catalysts with various 

formulation and loading (g/in
3
), b) Hydrogen and CO yields with the 2%Pt-1%Rh (2.5g/in

3
) 

reformer catalyst, with 0.5% and 0.8% iso-octane in the feed gas [Data courtesy of Johnson 

Matthey] 
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A fixed 3:1 H2/CO ratio was selected to be used throughout the study, based on the Pt-Rh 

catalyst performance in the region of 500°C. This was anticipated to be the least favourable 

but still functional temperature for fuel reforming, corresponding to a GDI engine operating at 

low load. 

5.2 Engine thermal efficiency, gaseous emissions and PM emissions with REGR 
3
 

Using the information gained in the preliminary tests, a series of studies were designed to 

establish the effect of a REGR system on combustion performance, engine efficiency, gaseous 

emissions and PM emissions. The two engine conditions selected for investigation were: 

• Low load: 35Nm (3bar IMEP) at 2100rpm, which represents a key steady state 

condition in the urban section of the new European drive cycle (NEDC) for a typical 

mid-size/large family vehicle with this 2L engine 

• Middle load: 105Nm (7.2bar IMEP) at 2100rpm which is typical of the highest load 

transient in the extra-urban drive cycle 

The baseline GDI engine condition was compared to each EGR and REGR condition with the 

ignition timing optimised for MBT. The HP-EGR system configuration was used throughout. 

Injection timing, fuel pressure and other engine parameters were held at the standard 

calibration values, with the exception of cam phasing that was varied for the low engine load 

condition. Engine performance was assessed at increasing EGR and REGR rates until the 

combustion stability limit was reached, again defined by the COV of IMEP exceeding 5%. 

In section 5.2.1 the low engine load condition will be considered, followed by results from the 

mid-load condition in section 5.2.2. A full system analysis attempts to predict the total 

                                                 
3
 Sections 5.2.1 to 5.2.4 have been published in a research article by the Int. J. Hydrogen 

Energy [18] 
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engine-reformer system efficiency in section 5.2.3. An investigation into the influence of 

EGR and REGR on PM emissions is presented in section 5.2.4. Section 5.2.5 takes a brief 

look at the influence of increased charge air temperature with EGR dilution on engine 

efficiency, with consideration for cooling requirements.  

5.2.1 Low-load engine performance and gaseous emissions with REGR  

In order to test the effect of reformate quality on engine performance, the flow rate of the 

hydrogen/CO gas mixture was adjusted at a range of REGR dilution rates so that the total 

volumetric combustible gas fraction in the REGR was 0.05 or 0.1. Therefore, the hydrogen 

concentration in the REGR stream at each condition would be 3.75% or 7.5% respectively, 

with 1.25% or 2.5% CO. The hydrogen concentration in the intake charge at each test point is 

shown in Table 5.2, which also specifies the energy fraction of the total fuel supplied as 

reformate (hydrogen and CO) for each test.  

Initially the engine retained the standard calibration valve timings, which employ a late, high 

overlap configuration that results in a high residual gas fraction for reduced pumping work 

and low NOx formation at low engine load. 

Table 5.2 - Hydrogen concentration in REGR stream and intake charge 

 

REGR 

combustible 

gas fraction 

Percentage REGR 

7% 14% 21% 28% 

REGR stream 

hydrogen, % 

0.05 3.8% 

0.1 7.5% 

Intake hydrogen 

concentration, % 

0.05 0.2% 0.5% 0.7% 1.0% 

0.1 0.5% 1.0% 1.5% 2.0% 

Reformate energy 

fraction, % 

0.05 1.6% 3.7% 6.1% 8.8% 

0.1 3.2% 7.3% 12.5% 17.7% 
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For the standard calibration valve timing, indicated efficiency (Figure 5.4a) was initially 

increased with EGR due to reduced pumping work and lower heat losses. As the EGR rate 

was increased further the efficiency dropped off due to a reduction in combustion stability to 

the point of misfire (Figure 5.4b). Combustion durations increased monotonically with 

dilution rate, more significantly for the initiation phase than the main combustion phase; these 

are represented by the MFB0-10% and MFB10-90% durations in Figure 5.4c and d. This 

deterioration in combustion speed was associated with the increasing inert gas fraction. 

Significantly increased unburned HCs at the higher EGR rates was caused by the deterioration 

of combustion stability and the resulting misfire (Figure 5.4e). Lower in-cylinder temperature 

with EGR also reduced the rate of post-combustion HC oxidation. As expected, NOx 

emissions dropped with increasing EGR (Figure 5.4f). This is again due to reduced 

combustion temperature, which decreases the rate of NOx formation; the thermal dilution 

effect of the inert gases in the charge with EGR (i.e. greater total heat capacity) coupled with 

the reduction of the heat release rate reduce the in-cylinder temperature. This counters any 

incremental increase in temperature due to higher cylinder pressure (associated with greater 

charge mass) or advanced ignition timing. EGR dilution also leads to a slightly lower oxygen 

concentration in the charge and the exhaust stream; if the oxygen concentration is also lower 

while the temperature is sufficiently high for NOx formation, then it follows that the rate of 

NOx formation would be reduced.  

The indicated efficiency for REGR was slightly lower relative to EGR for the same dilution 

rate, until the combustion stability with EGR deteriorated. For REGR the COV of IMEP 

remained below 5%, indicating that the hydrogen/CO in the REGR had a stabilising effect on 

combustion. These figures also show that an incremental increase in combustion rate was 

achieved with REGR relative to EGR, for a given dilution rate. This was attributed to the 
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beneficial combustion properties of hydrogen, in particular the higher laminar flame speed 

[68], which explains the large reduction in the flame initiation period (MFB 0-10%) when 

combustion is primarily laminar. 

 

 

Figure 5.4 - Effect of EGR and REGR dilution rate on various engine performance parameters 

a) indicated efficiency, b) combustion stability, c) combustion initiation duration, d) main 

combustion duration, e) engine-out THC and f) engine-out NOx 

Standard valve timings (solid lines); valve timings for low exhaust residuals (dashed lines) 
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The mechanisms for reducing NOx formation with EGR are also applicable to REGR due to 

the very similar charge composition, and the net result is again significantly reduced NOx 

emissions with respect to the baseline condition. However, the higher adiabatic flame 

temperature of hydrogen and CO compared to gasoline and slightly faster combustion result 

in higher in-cylinder temperature, leading to slightly increased NOx formation rate for REGR 

relative to EGR. For the same reason HC oxidation is increased and HC emissions are lower. 

As anticipated, the results obtained with the standard valve timings confirm that the level of 

exhaust residuals should be reduced in order to increase the achievable REGR rate, and 

increase the concentration of hydrogen and CO in the charge. Therefore, the valve timings for 

low exhaust residuals determined in section 5.1.1 (IVO at -10°aTDC and EVC at 8°aTDC) 

were adopted and the REGR and EGR test points repeated. 

When there was no external charge dilution, altering the valve timings to the low exhaust 

residuals setting reduced the indicated efficiency (Figure 5.4a), primarily due to lower intake 

manifold pressure that increased the pumping work. The introduction of external dilution 

improved indicated efficiency monotonically up to the dilution limit, which was extended to 

21% for EGR and 28% with REGR. The peak efficiency achieved with the EGR dilution 

method was very similar for both valve timings, albeit while using very different external 

EGR rates. This implies that the total dilution rate (internal + external EGR) was similar in 

both cases, supported by comparable emissions and combustion results (Figure 5.4b-f). 

It is apparent that the presence of hydrogen and CO in REGR, in low concentration, does not 

lead directly to improved indicated efficiency relative to EGR; however, the possibility to 

operate the engine with higher overall dilution rate does. This is also combined with 

significantly reduced NOx emissions and only moderately increased HCs.  
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5.2.2 Mid-load engine performance and gaseous emissions with REGR 

The following section presents results for the engine operating at a higher, mid-load condition 

of 105Nm/7.2bar IMEP at 2100rpm. The target dilution rate was 21%, the maximum 

achievable with the HP-EGR system under these manifold conditions. The ignition timing 

was set for either optimum combustion phasing (defined by MFB50% = 8° ± 2°aTDC) or 

knock-limited timing minus 2°CA. For this condition, higher combustible gas fractions in 

REGR of 0.1 and 0.15 were used. This was based on the knowledge that higher engine load 

will raise the exhaust and reformer temperature, and should lead to generally higher hydrogen 

and CO yields [79]. Table 5.3 defines the conditions for the 7.2bar IMEP tests and the results 

are summarised in Table 5.4. Combustion was stable for all test conditions at this engine load. 

Table 5.3 - Test conditions at 7.2bar IMEP, 2100rpm 

Test point 

Dilution 

rate, % 

H2,% 

REGR 

CO,% 

REGR 

H2,% 

intake 

CO,% 

intake 

REGR 

energy, 

% 

Ignition, 

°bTDC 

Manifold 

pressure 

(bar) 

Baseline  0 0 0 0 0 0 21 0.85 

EGR 21 0 0 0 0 0 44 1.00 

REGR (0.1) 20 8.1 2.7 1.8 0.6 9 33 1.01 

REGR (0.15) 20 11.9 4.0 2.8 0.9 15 31 1.02 

Table 5.4 - Summary of results for 7.2bar IMEP at optimum ignition timing 

Test point ηind 
1
 

∆ηind 

(%) 
2
 

Specific 

emissions, g/kWh 

ηcomb 
3
 EGT 

4
 EGT 

5
 

PMEP 

(bar) HC NOx CO 

Baseline  0.340 0 2.4 16.0 28.6 0.960 743°C 727°C -0.47 

EGR 0.356 +4.7 3.9 2.6 20.6 0.962 655°C 645°C -0.34 

REGR 0.1 0.357 +4.8 3.3 2.7 17.5 0.967 661°C 642°C -0.33 

REGR 0.15 0.354 +4.0 3.0 3.0 16.4 0.970 658°C 635°C -0.31 
1 Indicated engine efficiency; 2Percentage increase in efficiency;  

3Combustion efficiency;  4 Pre-turbine EGT; 5Post-TWC EGT 
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The effect of EGR on combustion was, as expected, to reduce the burn rate. As was the case 

at lower engine load this was most significant in the ignition phase of combustion, indicated 

in Figure 5.5 by longer MFB0-10% duration. Figure 5.5 also shows that the trend was similar 

but less pronounced for the main combustion phase duration. 

 

Figure 5.5 - Combustion phase durations at 7.2bar IMEP 

HC emissions were almost doubled by EGR due to lower cylinder temperatures and reduced 

oxidation rate, but despite these effects the combustion efficiency was maintained (Table 5.4). 

This can be attributed to the simultaneous reduction in CO emissions, which also reduces the 

estimated value for hydrogen concentration in the exhaust stream (Equation 3.5). Together 

these offset the reduction of combustion efficiency caused by increased unburned HCs.  

Similarly to the low engine load results, the presence of hydrogen and CO in the charge for 

REGR influenced combustion by increasing the burn rate towards that of the baseline case, 

and resulted in further improvements to combustion efficiency. Slightly higher combustion 

temperatures relative to EGR led to an incremental increase in NOx formation and HC 

oxidation rates. Despite this, REGR offers greater than 80% reduction in NOX compared to 

the baseline. 
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The simultaneous reduction of CO and slightly increased NOx with REGR may have 

implications for TWC operation, with regards to the suitable ratio of reducing and oxidising 

species in the feed gas. The CO/NOx ratio with REGR remains favourable to remove NOx by 

the CO reduction mechanism; in fact, this ratio is increased when compared to the baseline. It 

may be the case that complete conversion of CO is not possible if NOx becomes too low, in 

which case more oxygen should be made available in the exhaust stream. This may be 

achieved with engine control by shifting the stoichiometry fluctuations in the lean direction. 

This would also restore the overall reducing/oxidising balance by incrementally increasing 

NOx formation and reducing CO and HCs. 

The improvement to indicated efficiency with EGR (Table 5.4) was attributed to optimised 

combustion phasing and slightly lower pumping work due to the increased intake manifold 

pressure. In addition, lower combustion temperatures reduce the rate of heat loss from the 

combustion chamber. Indicated efficiency for REGR with both compositions was similar to 

that of EGR. It seems that the addition of hydrogen and CO provides no further efficiency 

benefit for the same recirculation rate, even though the hydrogen concentration in REGR was 

higher at 7.5% and 11.25%. The incremental improvement in combustion efficiency with 

REGR was not sufficient to improve indicated efficiency compared to EGR.  

Dilution with either EGR or REGR allowed for the combustion phasing to be advanced closer 

to the optimum, apparent by the advancement of the MFB50% timing from 12°aTDC (knock-

limited) for the baseline to 7°aTDC for each of the other conditions, visible in the MFB 

curves of Figure 5.6. This supports previous research that has shown EGR dilution [26, 28, 

29] and hydrogen enhancement [71, 118] to be effective for attenuating knock. 
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Figure 5.6 - In-cylinder pressure, rate of heat release and MFB curves for the baseline 

gasoline combustion, and diluted combustion with EGR and REGR 

Figure 5.6 also shows that higher peak cylinder pressures are generated with dilution, which is 

due to the increased charge mass relative to the baseline. Studying the rate of heat release 

curves it is seen that the baseline gasoline combustion process is appreciably retarded from 

the optimum (due to knock) meaning that the combustion process is releasing energy at the 

highest rate once the piston is too far into the expansion stroke. This ultimately reduces 

efficiency as it is a poor approximation of the idealised constant volume combustion process 

that is characteristic of the Otto cycle. Although the maximum rate of heat release is lower 

with diluted combustion, the position of the maximum is advanced much closer to TDC. It is 
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also obvious that the hydrogen and CO in REGR results in a higher maximum rate of heat 

release than for EGR, meaning that marginally less energy is released during the compression 

stroke and also later in the expansion stroke, and so represents a closer approximation to 

constant volume combustion. 

5.2.3 System efficiency for a GDI engine operating with a fuel reformer 

The following section provides an estimate of the total engine-reformer system efficiency, 

accounting for the exhaust heat recovery that might be achieved by an exhaust gas fuel 

reformer. First, the reforming process efficiency was calculated. This considers the change in 

enthalpy of the portion of gasoline converted to gaseous fuel by a reformer, which in this case 

excludes any gasoline that breaks through unreacted. This approach was most suitable here 

because the simulated reformate contains no HC component. Therefore, HCs that would enter 

the combustion chamber as part of the reformate following a real reforming process were, in 

these tests, supplied as normal via the fuel injector. 

Experimental data from the reformer catalyst tests in section 5.1.2 were applied to Equation 

5.1 in order to estimate the reforming process efficiency, where LHVX is the lower heating 

value of species x, �
 j,�
�,�� represents the mass flow of gasoline into the experimental 

reformer, and the mass flows of hydrogen, CO and methane are products in the reformate. 

The reformer process efficiency can be considered a fuel enthalpy multiplier that represents 

the change in total fuel enthalpy during the reforming process, and as such may be less than or 

greater than one. The reformer process efficiency was calculated to be $�
� = 1.1 at 550°C 

with 0.5% feed gas fuel. 

$�
� =  ���k+. �
 k+ + ���lm. �
 lm + ���lkL. �
 lkL���j. (�
 j,�
�,�� − �
 j,�
�,&	V)  Equation 5.1 
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A prediction of total engine-reformer system efficiency was then calculated using Equation 

5.2 for the best performing REGR condition at each load tested, detailed in Table 5.5. 

Indicated engine efficiency ($
�j,���) relates to the engine as used in this study, operating 

with gasoline, EGR, hydrogen and CO to simulate reforming. Indicated system efficiency 

($"B",���) assumes the engine operates with an integrated reformer that has a reformer process 

efficiency ($�
�) of 1.1 or 1.3. The larger value represents a more optimistic prediction of 

reformer performance, which may be achieved with operation at higher temperature or 

following further catalyst development. The delta engine and system efficiencies (Δ$) in 

Table 5.5 are relative to the baseline GDI engine performance at each engine load, and predict 

the potential benefit of using a fuel reformer integrated with a GDI engine to improve thermal 

efficiency. 

$"B",��� =  �
 ������j. �
 j,
�j + ;���k+. �
 k+ + ���lm. �
 lm$�
� > Equation 5.2 

Table 5.5 - Predicted total engine-reformer system performance (ηsys,ind) based on two 

possible reformer process efficiencies (ηref) 

Engine condition ����,��� �����,��� ���� = 1.1 ���� = 1.3 ����,��� �����,��� ����,��� �����,��� 
3bar IMEP, 2100rpm 

28% REGR (0.1) 

IVO = -10°/EVC = 8° 

0.299 +7.9% 0.303 +9.1% 0.308 +11.1% 

7.2bar IMEP, 

2100rpm 

20% REGR (0.1) 

0.357 +4.8% 0.360 +5.7% 0.365 +7.1% 

Finally, it is accepted that diluted combustion leads to lower EGT, which clearly has 

implications for the operation of an exhaust gas heated fuel reformer. For example at the 3bar 

IMEP engine load the EGTs (pre-turbine and post-TWC) were reduced from around 650°C 
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for the baseline condition to 550°C for REGR. Using REGR resulted in a slight increase in 

pre-turbine EGT relative to EGR (Table 5.4) due to higher combustion temperature. One 

result that was not anticipated was the influence of REGR on lowering the post-TWC EGT. 

The oxidation of unburned combustion products normally induces a rise in temperature across 

the TWC, but because the REGR combustion process is more complete and the exhaust 

contains lower HCs and CO this effect is reduced and the resulting EGT is lower. This fact 

could be important for future reformer design and integration.  

5.2.4 Influence of EGR and REGR on PM emissions  

At elevated engine load, PM formation in GDI engines becomes more significant than at 

lower load. The mid-load, 7.2bar IMEP engine condition studied in section 5.2.2 was used to 

examine the effects of EGR and REGR on reducing PM emissions. The same general test 

conditions were used, with the addition of 14% EGR and REGR test points in order to 

identify the influence of dilution rate on PM emissions. Of particular interest was whether the 

presence of hydrogen and CO in REGR would enable a further PM reduction over that 

achieved by conventional EGR.  

The formation of PM by nucleation of volatile species in the exhaust stream, and the 

adsorption of volatile species onto existing solid particles are processes that occur primarily 

during cooling and dilution of the exhaust gas [24]; for instance at the tailpipe exit, or in the 

PM sampling system. In these experiments, the PM sampling system was positioned after the 

TWC to minimise the influence of these two mechanisms on measurement variability, on the 

basis that the TWC removes the majority of the volatile fraction from the exhaust stream. 

Heated dilution also aimed to limit nucleation mode particle formation.  
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Figure 5.7 illustrates the benefit that both EGR and REGR have on reducing total PM number 

and mass relative to the baseline gasoline condition. Further to that, REGR results in lower 

PM emissions compared to EGR. This reduction in PM with EGR dilution is opposite to when 

cooled EGR is used in diesel engines. Because the average exhaust stream oxygen 

concentration is low and essentially fixed (0.5 - 0.8% for effective TWC operation) and the 

combustion temperatures with EGR are lower, it follows that the rate of PM oxidation in the 

end-gas is reduced so it may be logical to expect an incremental increase in PM emissions. 

This is clearly not the dominant effect though, so there must be other mechanisms leading to 

reduced PM emissions. Hedge et al. conclude in their work that “EGR significantly inhibits 

the nucleation of the particles, to the extent that it overcomes the decrease in post-flame 

oxidation and the increased potential for agglomeration” [30]. There has been only a limited 

amount of research that demonstrates this effect of EGR on PM emissions in GDI engines, 

and as yet no fundamental research has established the exact mechanisms at work. That said 

the reduced in-cylinder temperature with EGR will inhibit both soot formation and oxidation. 

  

Figure 5.7 - Total PM number (a) and mass (b) concentration for a range of conditions at 

7.2bar IMEP/2100rpm 

Another reason for lower PM formation can be attributed to the fact that EGR improves 

engine efficiency. Therefore, for a given engine load, a smaller quantity of fuel is injected into 

0.E+00

1.E+05

2.E+05

3.E+05

0 5 10 15 20 25

T
o

ta
l 

p
a

rt
ic

le
 n

u
m

b
e

r

co
n

c.
 (

#
/c

m
3
)

Dilution rate, %

▲ Baseline ■ EGR

● REGR (0.1) ○ REGR (0.15)

a)
0

50

100

150

200

0 5 10 15 20 25

T
o

ta
l 

P
M

 m
a

ss
 

co
n

c.
 (

μ
g

/m
3
)

Dilution rate, %

▲ Baseline ■ EGR

● REGR (0.1) ○ REGR (0.15)

b)



Chapter 5: Improving thermal efficiency, emissions and PM with REGR: a multi-cylinder 

GDI engine study using simulated reformate 

 

128 

 

the cylinder compared to the baseline condition and will lead to proportionally less PM being 

formed. 

As well as this, in order to maintain engine load with the induction of EGR, the charge mass 

must be increased by raising the intake manifold pressure. The rate of mass transfer (and 

therefore kinetic energy) through the intake valve must be higher than for the baseline case. 

The influence of greater charge motion could be improved mixing, fuel vapourisation and 

charge homogeneity. Although this effect is difficult to quantify without thorough 

experimental or simulation effort, it could feasibly be leading to an incremental reduction of 

locally fuel rich regions where particles are formed.  

A clear reduction in PM formation occurs with REGR due to the presence of hydrogen and 

CO. This reduction is seemingly monotonic as the reformate quality improves, i.e. the 

hydrogen and CO concentration increases. This is partly due to the decreasing proportion of 

the total fuel injected as gasoline, meaning that there is less liquid fuel to be vaporised and 

mixed; as a result there should be fewer fuel droplets and rich regions that remain once 

combustion begins. There is also a shorter injection duration associated with the reduced 

volume of gasoline injected, which means that the end of injection is earlier (because the SOI 

is fixed at 294° bTDC); therefore the fuel spray is less likely to impinge the piston top and 

there is more time available for vaporisation. The incrementally higher combustion 

temperature due to higher hydrogen and CO flame temperatures will also assist in HC and PM 

pre-cursor oxidation. 

Because of the fixed H2/CO ratio in these tests it is not possible to determine the individual 

contribution from either species on influencing PM formation. Previous research into 

hydrogen enhanced gasoline combustion [39] has indicated that hydrogen initiates a 
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significant reduction in nucleation mode particle number, by around 96% with 6% hydrogen 

(energy fraction). The reduction was less pronounced for accumulation mode particles, but 

still of the order of 90%. Guided by work elsewhere on soot formation in ethylene-hydrogen 

flames [119], it was concluded that hydrogen addition inhibits soot nucleation by slowing or 

reversing the hydrogen abstraction reaction, the mechanism by which polycyclic aromatic 

hydrocarbons grow to form soot. It seems likely that this route to reduced PM formation is 

applicable here.  

Fundamental combustion studies have proven CO addition to ethylene [120] and acetylene 

[121] flames to be effective for reduced PM formation. Although these works derived that the 

chemical effect of CO is to enhance PM formation, overall PM formation was reduced due to 

the dominance of the dilution and thermal effects. The application of the current study differs 

in that the molar charge concentration of CO is low (<1%), and the large proportion of CO2, 

steam and nitrogen in the charge will render the dilution and thermal effects of the CO 

insignificant. It is possible then that the chemical effect of CO will lead to an incremental 

increase in PM formation in this case, but it is offset by the presence of hydrogen. 

The advanced ignition timing shift required for diluted combustion will tend to increase PM 

formation to some degree by allowing less time for charge mixing, meaning that more locally 

fuel-rich regions remain during combustion. This effect should not be as pronounced for the 

‘homogeneous charge’ GDI engine compared with stratified charge GDI or diesel engines as 

the early injection timing (294° bTDC in this case) means that the increment of time lost for 

charge mixing with advancing ignition will be small relative to the overall time between 

injection and ignition. With REGR the ignition timing is retarded from that with EGR, which 

may be contributing factor that reduces PM with REGR. Ignition timing variation also alters 

the prevailing in-cylinder conditions during combustion and post-combustion, which has a 
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significant influence on the formation and destruction of soot pre-cursors and soot, and 

therefore may influence overall PM emissions more than the charge mixing effect. This will 

be revisited in section 5.3.3. 

Ultimately, the nucleation of PM in the combustion chamber is heavily influenced by the gas-

phase and liquid-phase fuel concentrations, along with temperature [66]. For the various 

reasons discussed above, it is likely that both the gas-phase and liquid-phase fuel 

concentrations are reduced by the use of EGR, and more so by REGR, leading to lower PM 

nucleation. Similarly, the in-cylinder temperature is lower with EGR and REGR during the 

period when PM formation occurs. 

Figure 5.8 plots the particle size distributions for number and mass concentration. These are 

included to provide information on the influence of REGR on particle size, which is important 

when considering the negative health and environmental effects of PM. Particles with smaller 

diameter are considered more detrimental to health. The distributions show no evidence of bi-

modal distribution normally associated with the nucleation and accumulation modes. A 

similar, uni-modal particle size distribution has been seen with post-TWC exhaust sampling 

from a PFI gasoline engine [67]. 

The geometric number mean particle diameter (GNMD) for the baseline case was 58nm, and 

the addition of EGR reduced the GNMD substantially to 51nm. An increase in primary 

particles with larger diameter might reasonably be expected with EGR because the lower 

post-flame temperature increases the rate of particle surface growth [66] as well as decreases 

the rate of particle oxidation. However this effect doesn’t appear to lead to a larger GNMD. 

The addition of hydrogen and CO in the charge with REGR does not strongly influence the 
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mean particle diameter with respect to EGR, but does serve to further reduce the particle 

count across the range. 

 

 

Figure 5.8 - Particle size distributions by (a) number and (b) mass concentration for the 

baseline, EGR and REGR conditions 

The concentration of particles with diameter above 200nm was very low for both EGR and 

REGR, whereas for the baseline condition particles were measured in greater numbers up to 

250nm. This effect, and the overall reduction of the GNMD, was due to the reduced particle 

formation with EGR and REGR meaning there was a lower probability of agglomeration to 

form the larger particles. The significance of this can be seen in the particle mass distributions 

of Figure 5.8b, with a greater contribution of these large particles to the total particulate mass 

concentration. It is clear that the reduced GNMD with EGR and REGR is not caused by an 

increase in particles with smaller diameter. 
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5.2.5 Effect of increased charge air temperature on engine efficiency with 

consideration of the EGR cooling requirement 

The use of EGR inevitably causes an increase in charge air temperature unless a high capacity 

gas cooling system is used. The extent to which charge air temperature influences engine 

efficiency was investigated at a fixed engine condition (105Nm/7.2bar IMEP, 2100rpm, 14% 

EGR) and three charge temperature set points (35°C, 45°C and 55°C). For these tests the MP-

EGR system was used to enable greater control of the charge air temperature. The EGR gases 

were cooled to around 125°C with a single EGR cooler before mixing with the pre-

compressor air path. The air-to-water heat exchanger (i.e. the charge cooler) provided the 

final cooling to the setpoint temperature. 

Referring to Figure 5.9 and Table 5.6 it can be seen that raising the charge air temperature 

increased fuel efficiency and a greater reduction in pumping loss was achieved due to the 

reduced charge density at higher temperature. Manifold depression was relatively small at this 

mid-range load, and so the pumping work was a small fraction of the indicated work. 

Increasing the charge air temperature should therefore offer a greater benefit at lower loads 

when the pumping work is more significant. 

 

Figure 5.9  - Effect of charge air temperature on fuel efficiency at 7.2bar IMEP (14% EGR) 
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Table 5.6 - Results for various charge temperatures at 7.2bar IMEP, 14% EGR (MBT ignition 

timing) 

Charge 

Air T 

Ignition, 

°bTDC ���� ����� 

PMEP, 

bar 

Intake 

P, bar
 

COV 

of 

IMEP 

MFB10-

90, °CA 

NOx, 

g/kWh 

Intercooler 

∆T 

35°C 35 0.348 - -0.45 0.925 2.3% 27 4.3 38°C 

45°C 37.5 0.349 0.5% -0.43 0.936 2.0% 26 5.3 26°C 

55°C 35 0.352 1.4% -0.42 0.952 1.7% 26 5.1 15°C 

The optimum ignition timing remained essentially the same for these conditions, but the onset 

of knock was retarded for higher charge temperature; this could result in reduced efficiency 

for some engine conditions when the optimum ignition timing is no longer achievable. 

Another slight negative effect is increased NOx formation due to higher compression 

temperature and the resulting higher prevailing combustion temperature. 

Finally, there was a lower demand placed on the EGR and charge air cooling systems for the 

higher charge temperature set points. In practice, the use of 35°C charge air temperature with 

this level of EGR would be impractical using conventional heat exchangers as used in 

production vehicles, due to the high temperature drop required (∆T = 38°C in Table 5.6). 

Ground water was used to control the engine water and charge air temperature in the test cell, 

which provided high cooling capacity. On the vehicle air-to-air charge coolers offer lower 

cooling capacity; typical ambient air temperatures experienced by the vehicle result in a low 

temperature gradient and poor heat exchange potential. Gas-to-water EGR coolers reject heat 

to the engine coolant, feasibly reducing the gas temperature to below 100°C but must not be 

cooled to below approx 60°C to avoid condensation. Heat removed from the EGR circuit is 

eventually rejected to atmosphere by the main water-to-air heat exchanger, or ‘radiator’. It is 

important for overall vehicle efficiency to reduce the cooling system ancillary work and 

parasitic losses, e.g. fluid pumping work, electrical power required by the fan, and 
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aerodynamic losses associated with air flow over the heat exchangers. Therefore charge air 

cooling to 45°C or 55°C is more feasible due to the lower temperature drop required, and may 

also assist by further increasing efficiency if the compromise to increased NOx and advanced 

knock initiation can be tolerated.  

5.3 Effects of reformate species (hydrogen and CO) concentration on combustion, 

engine efficiency and PM emissions 

The simulated REGR investigations of this chapter have so far used a fixed H2/CO ratio of 

3:1. This section aims to establish the effects of small changes to the hydrogen and CO 

concentration in REGR on the engine efficiency and combustion performance, as well as any 

possible effect on PM emissions. At the same time, this would allow for the relative effect of 

ignition timing advance on PM emissions to be studied. 

5.3.1 Test conditions 

Ignition timing sweeps were performed at 80Nm/5.7bar IMEP, 2000rpm and 21% REGR 

while varying the composition of the simulated REGR. Three compositions of REGR (C1-

C3) were generated with differing hydrogen and CO concentration. The combustible gas 

compositions of the simulated REGR were: 

C1: A total of 10% hydrogen and CO, in a 3:1 ratio 

C2: 10% hydrogen, having equivalent energy content to composition 1 (No CO) 

C3: 7.5% hydrogen, having equivalent hydrogen content to composition 1 (No CO) 

For the PM measurements the thermodenuder was installed in the diluted exhaust gas sample 

line. 
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5.3.2 Combustion and engine efficiency 

The indicated efficiency and combustion initiation results are plotted in Figure 5.10, with 

results for 21% EGR and the baseline condition included for further comparison. Comparing 

compositions C1 and C2, when CO was present (in composition C1) the optimum ignition 

timing was advanced, indicating slower combustion compared to composition C2. While the 

amount of gaseous fuel energy supplied was the same, indicated efficiency was slightly lower 

for composition C1 meaning that CO is a less efficient energy carrier than hydrogen for in-

cylinder combustion. Combustion stability also dropped off more rapidly with ignition retard 

resulting in a large drop in efficiency, meaning that the use of optimum ignition timing is 

more important. This suggests that the extra hydrogen in composition C2 was useful for 

maintaining reliable combustion at retarded ignition timings. Combustion initiation was 

slightly faster (as is the main combustion phase) when the CO fraction was replaced with 

hydrogen, which is indicative of hydrogen’s superior laminar flame speed and lower ignition 

energy.  

Figure 5.10 - Effect of REGR composition on indicated efficiency (a) and combustion 

initiation (b) at 5.7bar IMEP, 2000rpm and 21% REGR 

Comparing composition C1 and C3, which have equivalent hydrogen concentration but C3 

does not contain CO, it is apparent that the optimum ignition timing was essentially the same. 
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Indicated efficiency was generally higher without CO in the REGR, and was maintained for 

longer as ignition was retarded. It appears that CO is detrimental to combustion stability as 

both compositions have the same hydrogen concentration, but with the addition of 2.5% CO 

the COV of IMEP increased abruptly to 7.5% at 35°bTDC ignition timing. The combustion 

initiation phase duration (as well as the main combustion phase) was the same until the 

combustion stability deteriorates, which implies the CO had very little influence on 

combustion initiation. 

The efficiency-ignition timing curves for compositions C2 and C3 (different hydrogen 

concentration, no CO) have very similar shape, but the curve is advanced by approximately 

6°CA when the hydrogen concentration was decreased from 10% to 7.5%. Both curves are 

quite flat, indicating a wide range of useable ignition timings (efficiency changes only 1.4% 

across 9°CA). Reducing the hydrogen concentration also lengthened the combustion initiation 

period slightly. 

It is also apparent that the relative changes in performance for each REGR composition were 

small compared to the difference in performance with 21% EGR, and the baseline condition. 

In every case, REGR was more efficient than both EGR and the baseline, and REGR goes 

some way to regaining the loss in combustion performance with EGR when compared to the 

baseline.  

These results indicate that, for a fixed diluent fraction: hydrogen concentration determines the 

optimum ignition advance due to its strong influence on combustion rate; CO concentration 

influences the extent to which the useable ignition timing window is reduced, but does not 

have as significant an effect on combustion rate (for the incremental change in CO 

concentration tested); and hydrogen is a more effective energy carrier than CO. 
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These factors may be of consideration in future experimental work to optimise the reforming 

reaction routes, and produce the desired relative quantities of hydrogen and CO. For example, 

it may be beneficial to overall engine performance to increase the hydrogen/ CO ratio, for 

instance by promoting the WGS reaction, even if it marginally decreases the reforming 

process efficiency. 

5.3.3 Influence of REGR composition and ignition timing on PM emissions 

The results in Figure 5.11 indicate a trend for increasing PM mass with advanced ignition 

timing, particularly for undiluted combustion at the baseline. This is consistent with the well 

known effect that reducing the time for fuel-air mixing has on increasing PM formation. 

 

Figure 5.11 - PM mass concentration against ignition timing advance 

As was the case in section 5.2.4, the use of REGR significantly reduced PM emissions 

compared to the baseline. Composition C3, which uses 7.5% hydrogen in REGR (equating to 

7.5% of the total fuel energy), results in a 91% reduction in PM mass relative to the baseline 

at optimum ignition timings. By way of further comparison, PM mass reductions of the order 

of 90% have been demonstrated in research elsewhere with the addition of 6% hydrogen 

(energy fraction) to gasoline combustion [38]. 
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Interestingly, the gradient of the PM increase with ignition timing advance is significantly 

lower for combustion with REGR, such that the magnitude of the PM variation due to 12° 

ignition timing shift with REGR is smaller than the PM reduction seen with REGR compared 

to the baseline. Put another way, the sensitivity of PM emissions to ignition advance is 

reduced from 10 to 1.6 μg/m
3
 per degree. This is likely to be partly due to the replacement of 

some gasoline with gaseous fuel, meaning less liquid fuel is injected into the cylinder and 

therefore reducing the time for charge mixing is not as critical. When comparing the various 

REGR compositions, there is only a small difference between C1 and C3, which contain the 

same hydrogen concentration. Composition C2 contains 2.5% additional hydrogen, and the 

results show slightly greater PM formation. 

5.4 REGR performance across a wider range of engine operating conditions 

The objective of this section is to provide an estimate of engine performance characteristics 

with REGR across a wider range of engine speed/load conditions. Previous sections have 

presented results at a small number of engine conditions of interest. These tests broaden the 

scope to a larger portion of the engine map, using hydrogen enhanced EGR to approximate 

REGR. Again, the results are discussed in direct comparison to equivalent data for the 

baseline and EGR conditions. In addition, the performance maps produced offer some insight 

into the interaction of the reformer/REGR system with the engine. 

5.4.1 Test conditions 

For these tests, the HP gas recirculation configuration was used, supplying a fixed 7.5% 

hydrogen concentration in order to replicate REGR. It was decided that the CO fraction in 

REGR would be excluded. Given the increased flow rates required and the extended test 

matrix, it was seen as more economical to use industrial grade hydrogen rather than pre-mixed 
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hydrogen/CO gas; this decision could be justified based on the results from section 5.3.2, 

where compositions C1 and C3 showed comparable performance. 

At each test point the maximum EGR or REGR rate was used, defined either by a combustion 

stability limit of 5±1% COV of IMEP, or by the physical flow limit of the EGR system.  The 

speed/load map of interest was 30 to 110Nm and 1500 to 3000rpm at increments of 20Nm 

and 500rpm. For the baseline condition the valve timing remained at the standard calibration 

settings, while for EGR and REGR valve timing was fixed at a setting resulting in low 

trapped residuals (0° IVO/ 10° EVC). Ignition timing was modified such that combustion was 

phased for MFB50% = 8° ± 2°aTDC. 

The charge air temperature at the inlet port was controlled to 35°C for the baseline condition. 

With the use of high recirculation rates it was not possible to maintain this temperature, so 

higher set points of 45°C and 50°C were used for the EGR and REGR conditions. 

5.4.2 Analysis of the EGR and REGR test conditions 

The recirculation rates used across the speed/load range for the EGR and REGR cases are 

shown in Figure 5.12. The limiting factor that determined the maximum recirculation rate 

varied across the speed/load range. At lower engine speeds and loads this was combustion 

stability, particularly for the EGR case. As engine speed and/or load increased, the flow 

capacity of the EGR system became important and was found to be limiting the recirculation 

rate. Flow capacity is determined by the flow resistance of the recirculation system and the 

manifold pressure ratio that varies with operating point. The maximum (combustion stability 

limited) recirculation rate was 34% for REGR at low load, when the manifold pressure ratio 

was high. 
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Figure 5.12 - Recirculation rate maps for (a) EGR and (b) REGR, % 

Figure 5.13 plots the combustion stability, represented by the COV of IMEP, across the tested 

range for the REGR case; where numbers are greater than 4%, the test point can be considered 

as having the REGR rate limited by combustion stability. Numbers below 4% indicate the 

regions in which the recirculation rate was determined by the EGR system and the manifold 

pressure ratio, and there was not sufficient diluent present to cause a significant deterioration 

in combustion stability. When viewed alongside Figure 5.14, which shows the increase in 

recirculation rate for REGR relative to EGR, the extent to which the recirculation system 

installation is limiting the potential for increasing the REGR rate when hydrogen is present to 

enhance combustion can be seen. At the lowest speed and load the recirculation rate was 

increased from 18% to 33%, while at loads above 80Nm the increase was limited to 2% or 

less. 
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Figure 5.13 - Combustion stability with REGR 

(COV of IMEP, %)  

Figure 5.14 - Increase in recirculation rate with 

REGR relative to EGR, % 

Because of the large variance in REGR rate and fixed hydrogen concentration, the fraction of 

total fuel energy supplied by REGR (in this case, as hydrogen) also varied, between 6% and 

11% as shown in Figure 5.15. 

 

Figure 5.15 - Fraction of total fuel energy supplied as hydrogen in REGR 
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9% for EGR and REGR respectively. It is apparent in the lower left quadrant of Figure 5.17a, 

i.e. at low engine speed/load, that conventional EGR is unable to offer significant efficiency 

gains. However EGR does provide a reasonably uniform benefit of 4-7% in the upper half of 

the map. REGR substantially improves the low speed/load performance (Figure 5.17b) 

relative to both the baseline and EGR because of largely increased recirculation rates while 

maintaining combustion performance. Elsewhere, REGR provides a consistent efficiency 

improvement of between 2-3% beyond EGR, reaching 7-9% improvement compared to the 

baseline across a large proportion of the map. 

 

Figure 5.16 - Indicated efficiency performance maps for the (a) Baseline, (b) EGR and (c) 
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Figure 5.17 - Indicated efficiency improvement of (a) EGR and (b) REGR relative to the 

baseline 

Figure 5.18 plots the NOx emissions with EGR and REGR; the values are normalised against 

the baseline GDI engine NOx emissions. The plots clearly indicate lower NOx across the 

range, with between 40-90% reduction achieved by EGR (Figure 5.18a). NOx was reduced 

markedly by REGR, particularly in the lower half of the map due to extended dilution rates, 

and more consistently than EGR; engine-out NOx was between 82-96% lower across the map 

with REGR. 

 

Figure 5.18 - Normalised NOx emissions for (a) EGR and (b) REGR relative to the baseline 
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5.4.4 Exhaust gas temperature 

Finally, it is important to note the shift to lower exhaust temperatures across the range when 

REGR is implemented. Figure 5.19 plots the engine-out and post-TWC exhaust temperature 

for the baseline and REGR conditions. There is a relatively substantial and uniform reduction 

of engine-out EGT across the range when comparing the baseline (Figure 5.19ai) and REGR 

plots (Figure 5.19bi).  

 

 

Figure 5.19 - Maps of engine-out (a) and post-TWC (b) exhaust temperature for the baseline 

(i) and REGR (ii) conditions 
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reactions and maximising reformer performance. However, packaging a fuel reformer in a 

downstream location is likely to be more practical, certainly at the prototype stage. While a 

fuel reformer could potentially be designed to be mounted close to the exhaust ports, which 

would be before the turbine in the case of this multi-cylinder GDI engine, there would be 

many additional considerations for the reformer design and engine integration. These include: 

the effect of increasing exhaust backpressure on engine performance; modification of exhaust 

pressure-wave reflection characteristics that strongly influence cylinder scavenging; and high 

thermal loading of relatively intricate (thin walled) reformer components, such as the catalyst 

housing that would be required to seal the exhaust and reformate streams while providing 

good heat transfer. Not least, packaging in this location would also be detrimental to 

turbocharger performance to some degree. The act of fuel reforming would reduce the exhaust 

enthalpy and the physical restriction would result in a pressure drop, reducing the turbine inlet 

pressure as well as dampening exhaust pressure pulses into the turbine housing. Therefore, 

lower peak turbine work would result. Additionally, a larger pre-turbine volume would 

deteriorate transient performance. 

With all this is mind, the post-TWC exhaust temperature is included in Figure 5.19 as an 

indication of the conditions to be expected for a fuel reformer located after the TWC. What 

Figure 5.19aii shows is that the baseline post-TWC temperature is substantially lower than the 

engine-out temperature due to the expansion across the turbine and heat lost from the exhaust 

system to the surroundings. However the post-TWC temperature with REGR (Figure 5.19bii) 

is quite comparable to the baseline, with only a small further drop in temperature. As 

identified earlier in section 5.2, slightly increased engine-out HCs with high REGR dilution 

compared to the baseline result in a higher exotherm over the TWC, therefore the temperature 
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drop isn’t as substantial. Even so, the post-TWC EGT was below 600°C for over half of the 

observed range. 

5.5 Summary 

The potential benefits that an exhaust gas fuel reformer may offer the GDI engine have been 

demonstrated with the series of studies in this chapter. The tests have used either bottled 

hydrogen, or hydrogen and CO, added to EGR in order to simulate REGR and generate 

reformate with realistic, achievable compositions.  

In all cases REGR has improved indicated engine efficiency relative to the baseline GDI 

engine. At low engine load REGR outperforms conventional EGR due to extension of the 

dilution limit and improved combustion. VCT was found to offer an advantage to engine 

operation by extending the maximum achievable REGR rate when utilising valve timings for 

low exhaust residuals. In the case of a real exhaust gas fuel reformer this would increase the 

reformed fuel fraction, maximising the potential for exhaust energy recovery.  

Both EGR and REGR were found to reduce PM number and mass emissions across the range 

of studied particle diameters. The presence of hydrogen and CO in REGR leads to lower PM 

relative to EGR. The results indicate that there is an additive benefit achieved by combining 

the mechanisms for reducing PM emissions with EGR and hydrogen.  

Engine performance maps showed that REGR increased indicated engine efficiency between 

6-9% across most of the engine range compared to the baseline GDI engine. NOx was 

consistently very low with REGR, being reduced by 82-96%. Engine-out EGTs were found to 

be significantly cooler with REGR, but the reduction of post-TWC temperature relative to the 

baseline was not as large due to exothermic reactions across the TWC. Even so, due to its 

strong influence on the reforming process, EGT could become the limiting factor when 
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determining the maximum REGR rate for some engine conditions, and not the deterioration of 

combustion stability. 
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CHAPTER 6  

 STUDIES OF A PROTOTYPE EXHAUST GAS FUEL REFORMER 

INTEGRATED WITH A GDI ENGINE 

This chapter is focused on the experimental study of a prototype exhaust gas fuel reformer 

that has been integrated with a multi-cylinder GDI engine. The test cell configuration and 

reformer specification were described in sections 3.2 and 3.4. Various methods are 

implemented in order to analyse the effectiveness of the reforming process under GDI engine 

exhaust conditions. These include examination of the reformer temperature distribution, 

reformate speciation, calculation of the reforming process efficiency, estimation of exhaust 

heat recovery and analysis of the exhaust exergy.  

The effect of the fuel reformer on engine performance is presented in Chapter 7. 

6.1 Test conditions 

Three engine speed/load conditions were selected in order to generate a suitable range of 

reformer temperature and flow conditions while still being relevant to normal, sustained load 

driving conditions. These were 35Nm/3bar IMEP at 2100rpm, 50Nm/4bar IMEP at 3000rpm, 

and 105Nm/7.2bar IMEP at 2100rpm. The first two are key steady state conditions used on 

the NEDC for a mid-size/large family vehicle with a 2L engine, and the third is typical of a 

higher load transient condition on the NEDC. The engine was operated with the maximum 

achievable charge dilution rate, and also a lower dilution rate to investigate the effect of 

reformer mass flow rate, or GHSV. Gasoline was injected into the reformer feed gas such that 

the molar concentration was 0.5% or 1% (fuel composition assumed to be octane) to test the 

influence of fuel concentration on reformer performance.  
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The cam timings were fixed at a short overlap setting (0° IVO and 10° EVC) to ensure low 

exhaust residuals when using external EGR or REGR. Engine fuelling was controlled for an 

overall stoichiometric AFR but the ratio of DI gasoline to reformate fuel energy varied 

depending on the reformer conditions. The charge air temperature measured at the inlet port 

was controlled to 45°C. Ignition timing was varied in order to phase combustion with 

MFB50% occurring at 8°±2°aTDC, or at the knock-limited ignition timing. Otherwise, the 

standard ECU calibration settings were used. 

The engine-out exhaust gas composition (Table 6.1), which determines the reformer feed gas 

composition (prior to gasoline injection), varied little across the range of conditions tested 

because the engine uses a homogeneous, stoichiometric combustion strategy. The slight 

variations were caused by the differing overall charge dilution rate, which influences 

combustion and pollutant formation. The oxygen content of the exhaust stream varies only 

between 0.5 to 0.7%, which is of particular relevance to the reformer process efficiency as the 

oxygen concentration is directly proportional to the amount of fuel that is consumed by 

oxidation reactions in the reformer and the resulting increase in temperature.  

Table 6.1 - Exhaust gas temperature and composition at each engine condition 

Engine 

condition EGT 
1 

CO2 

(%) 

O2 

(%) 

CO 

(%) 

H2O 
2
 

(%) 

NOx 

(ppm) 

THC, 

(ppm) 

35Nm/ 

2100rpm 
595 - 605°C 

14.8 - 

15.0 

0.60 - 

0.70 

0.50 - 

0.60 

14.3-

14.4 

100 - 

1200 

1900 - 

3000 

50Nm/ 

3000rpm 
655 - 680°C 

14.8 - 

14.9 

0.50 - 

0.65 

0.50 - 

0.55 

14.3-

14.4 

200 - 

600 

1500 - 

1900 

105Nm/ 

2100rpm 
685 - 720°C 

14.8 - 

15.0 

0.60 - 

0.65 

0.55 - 

0.70 

14.4-

14.5 

900 - 

2300 

1300 - 

1600 

1 Reformer inlet EGT; 2 Calculated 
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6.2 Reformer temperature 

The reformer operating temperature is directly influenced by many parameters. These include: 

the REGR flow rate; the fuel concentration; the reactant composition that determines the 

prevailing reforming reactions, which may be exothermic or endothermic; and the 

temperature of the exhaust stream that passes over and heats the reformer plates. 

The reduction in EGT that occurs with the use of EGR or REGR has been discussed in 

previous chapters. To provide context for the following discussions, Figure 6.1 plots the 

variation of the exhaust stream temperature at the reformer inlet (post-TWC) for all the 

reforming conditions used in the investigation, as well as for the baseline condition (0kg/h 

REGR). 

 

Figure 6.1 - Variation of exhaust temperature (at the reformer inlet) with REGR flow rate and 

reformer feed gas fuel concentration (0.5% and 1%) 

[The baseline condition is identified by filled markers] 
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stream flows over the plate from right to left. The temperatures were generally higher along 

the right edge due to the exhaust stream heating. The baseline plots clearly show that the 

reformer plates were more effectively heated as the exhaust stream temperature increased 

with engine load.  

Baseline 

EGR 

4kg/h 

REGR 

4kg/h (1%) 

REGR 

9kg/h (1%) 

REGR 

14kg/h (1%) 

 

Baseline 

REGR 

17kg/h (0.5%) 

REGR 

17kg/h (1%) 

REGR 

24kg/h (0.5%) 

REGR 

24kg/h (1%) 

 

Baseline 

REGR 

9kg/h (0.5%) 

REGR 
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REGR 
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REGR 

19kg/h (1%) 

 

Figure 6.2 - Temperature (°C) distribution across the middle reformer plate at a) 35Nm, b) 

50Nm and c) 105Nm engine conditions 
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At the lowest temperature condition (35Nm/2100rpm) the plate temperatures dropped as the 

REGR flow was increased up to 20% due to reforming activity. There was also a slight 

cooling effect just by flowing gas through the reformer (i.e. with EGR), analogous to a 

forced-convection cooling process. At the highest REGR flow rate there was a slight increase 

in reformer temperature with a more even distribution. This is the result of multiple effects 

associated with increasing the flow rate: more oxygen is available for fuel oxidation, which 

increases the temperature in the front section of the reformer; the high flow rate moves the 

high temperature gas along the reformer more quickly resulting in the more even temperature 

distribution; and reforming activity tends to be lower as the flow rate increases. 

At the two higher engine load conditions the reformer was heated to significantly higher 

temperature when there was no REGR flow (baseline condition). Increasing either the REGR 

flow or the fuel concentation lowered the reformer temperature. Both of these changes 

increased the availability of fuel while, importantly, at sufficiently high temperature for the 

endothermic reforming reactions to be feasible. Again, increasing the REGR flow rate led to a 

more even temperature distribution. 

6.2.2 Linear reformer temperature profiles 

Figure 6.3 compares the linear reformer temperature profiles for two REGR mass flows, 4.5 

and 14.5kg/h - this equates to 10% and 25% REGR in terms of the dilution rate at the 

35Nm/2100rpm engine condition. Temperature profiles are included for 0.5% and 1% fuel in 

the reformer feed gas. At low reactant mass flow rate in the reformer, there was only a small 

amount of heating due to exothermic reactions in the front of the catalyst. There was no 

indication of endothermic reforming cooling the reformer. It appears that a small amount of 

endothermic reforming did occur in the first 75mm of the reformer as the temperature 
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remained reasonably constant. This indicates that the energy consumed by reforming 

reactions was approximately balanced by heat flow from the exhaust. After this the 

temperature increased due to heating by the main engine exhaust stream, which was around 

600°C (Figure 6.1). At the higher reactant flow rate there was a greater quantity of fuel and 

oxygen passing through the reformer which led to a larger temperature increase at the front 

face. The combination of higher temperature and more fuel being available for reforming 

meant that there was a clear drop in temperature along the length of the reformer due to 

endothermic reforming reactions. 

 

Figure 6.3 - Effect of reformer flow rate and feed gas fuel concentration on linear reformer 

temperature profile at the low temperature (35Nm/2100rpm) condition 

Increasing the fuel concentration in the feed gas (for a given reactant flow rate) results in a 

reasonably uniform reduction of the temperature along the reformer. The feed gas temperature 

(-30mm from leading edge) was slightly lower for the higher fuel flow conditions due to 

greater cooling by fuel vapourisation, and the gradient of the rise in temperature between the 

feed gas (-30mm) and the leading edge (0mm) was similar when comparing each fuel 

concentration condition. The amount of oxygen available for oxidation is mainly dependent 

on the reactant flow rate and determines the amount of heating at the leading edge. The slight 
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reduction of heating with increasing fuel concentration is likely due to the higher rate of 

endothermic reforming (decrease in the oxygen/carbon ratio). 

The effect of reactant mass flow rate in the reformer on the linear temperature profile is 

shown in Figure 6.4 for two engine loads with 1% feed gas fuel concentration in each case. 

This shows the location of endothermic reforming moving further along the reformer with 

increasing flow rate. The initial drop in temperature is greater for the lower flow condition at 

each load.  

When the reformer flow is low and the reformer plate temperature is relatively high at the 

inlet, 650°C at the 105Nm condition, most of the reforming occurs in the first section of the 

reformer and is followed by re-heating. This implies that the reformer is able to process more 

fuel than is being supplied at the low flow condition. 

 

Figure 6.4 - Comparing linear reformer plate temperature profiles with high and low REGR 

flow at two engine conditions (1% feed gas fuel concentration) 
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concentration (H2 + CO2). For this reason, increasing the REGR rate generally results in a 

greater H2/CO ratio (providing that the conditions are reasonable for reforming). This can be 

seen by comparing the hydrogen and CO data in Figure 6.5, particularly for the 1% feed gas 

fuel concentration conditions. However, increasing the REGR flow rate (the GHSV) means 

that the reaction equilibrium is less likely to be achieved. 

It should be emphasised that the linear profiles offer a 1-dimensional view of the reformer 

operating temperature. This information disregards the temperature distribution across each 

reformer plate and any difference between the five individual plates. Different operational 

temperature between plates may be expected to some degree as a result of non-uniform flow 

distribution of the exhaust stream or the feed gas/reformate. 

6.3 Reformate speciation 

The production of hydrogen at each engine condition varied with REGR mass flow rate and 

the fuel concentration in the reformer feed gas (Figure 6.5). The maximum hydrogen 

production was observed when the consumption of steam was greatest, which indicates 

successful promotion of the steam reforming reaction. This occurred at the 50Nm/3000rpm 

engine condition when there was 11% hydrogen produced and 6% un-reacted steam measured 

in the reformate, and there was a combination of high temperature and intermediate reactant 

flow rate. For the high exhaust temperature condition (105Nm/2100rpm), when the reactant 

flow rate was low, reformer temperatures were higher than all other conditions; this may go 

some way to explain the slightly lower hydrogen production than for the lower temperature 

(50Nm/3000rpm) condition because there was less promotion of the WGS reaction at higher 

temperature. That said there was also less CO produced. When comparing the two similar 

REGR flow conditions (17kg/h at 50Nm and 19kg/h at 105Nm), when the exhaust 
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temperature at the reformer inlet was very similar (678°C and 675°C in Figure 6.1), it can be 

seen that the hydrogen and CO production were both lower at the 105Nm condition, implying 

less reforming activity. This was confirmed by lower HC conversion compared with the 

50Nm condition; however, the cause was not completely clear. There will have been some 

influence of GHSV that was slightly higher at the 105Nm condition (19kg/h), which will have 

reduced the fuel conversion and H2/CO yields to some degree, but not to the extent seen. This 

may suggest that the reformer experienced some temporary catalyst deactivation, perhaps due 

to the deposition of carbon onto the catalyst surface (coking), which may be expected to occur 

during sustained operation. However, there was no evidence collected to confirm this, and the 

normal test procedure involved periodically operating with EGR to expose the catalyst to 

steam and oxygen in order to reverse any coking.  

Some CO2 can be expected to be produced by the oxidation and WGS reactions that occur as 

part of the overall reforming process, as well as being consumed in the dry reforming 

reaction. The CO2 concentration in the reformate was relatively consistent at most test points, 

but was reduced slightly for low REGR mass flow rates while at high temperature (Figure 

6.5). This implies that there was some dry reforming activity when the reformer inlet exhaust 

stream temperature was high (i.e. >700°C in Figure 6.1). It should be noted that, for a given 

engine load, at lower REGR mass flows the reformer plate temperatures are higher. This 

means that the reversible WGS reaction has a greater equilibrium constant, is therefore less 

favourable towards the reaction products, and so less hydrogen and CO2 are produced by this 

reaction. 
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Figure 6.5 - Reformate species concentrations at various engine conditions (a) 35Nm, (b) 

50Nm and (c) 105Nm 
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accounted for using this method; only the calibrated species detailed in Table 3.4 can be 

identified and quantified. The calibration gas used contains many of the major components of 

gasoline and there were no significant peaks in the chromatogram spectrum unaccounted for.  

The proportion of HCs that break through the reformer increases with REGR flow rate; 

therefore at 17kg/h REGR (Figure 6.6a) there is a lower THC concentration. Methane made 

up a greater proportion of the HCs in the reformate at lower REGR flow, partly because the 

total breakthrough HC quantity was lower, but also due to higher methane (CH4) production 

by the ‘methanation’ reforming side reactions (Equation 2.18 and Equation 2.19); these 

consume hydrogen in reactions with CO, CO2 or HCs to produce methane, but tend to be 

relatively unfavoured under REGR conditions [79]. The higher concentration of hydrogen and 

CO (the methanation reactants) produced by the primary reforming reactions at lower REGR 

flow will have led to the methanation reactions being increasingly favoured. 

  

Figure 6.6 - Proportion of HC species of the total HCs in reformate as measured by GC-FID 

at 50Nm/3000rpm with REGR (1% fuel): 17kg/h (a) and 24kg/h (b) 

The molar composition of the gasoline (detailed in Table 3.2) was 12.6% paraffins, 33.4% 

isoparaffins, 14.6% olefins, 5.1% naphthenes, 28.9% aromatics and 4.9% oxygenates. The 

measured aromatic fraction (benzene + toluene) in the reformate was higher in each case at 
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37% and 51%. This supports the idea that the aromatic fraction of the gasoline is not reformed 

as readily as the less complex HCs such as the paraffins, which constitute nearly half of the 

gasoline mixture and appear in significantly lower quantity in the reformate. There was also a 

smaller toluene/benzene ratio at low REGR reactant flow, which implies toluene is reformed 

more readily than benzene. It may be that some toluene is partially reformed to the more 

stable/less reactive benzene.  

6.4 Reformer process efficiency 

The effectiveness of the reformer can be analysed by calculating the reformer process 

efficiency using Equation 6.1. This provides a measure of the reformer’s ability to increase 

fuel energy when converting from liquid to gaseous fuel, and calculates the ratio of the fuel 

energy contained in the reformate to the fuel energy in the reformer feed gas. The feed gas 

consists of EGR and gasoline; the energy associated with the small fraction of CO and HCs in 

the EGR is included in the analysis. The non-methane HCs measured in the reformate were 

assumed to have the properties of gasoline when calculating the total reformate fuel energy. 

‘Dry’ measurements were converted to ‘wet’ molar fractions (using knowledge of the steam 

concentration in the feed gas/reformate) before calculating the mass flow rate of individual 

species. 

 $�
� =  ���k+. �
 k+ + ���lm. �
 lm + ���lkL. �
 lkL + ���j. �
 kl,&	V���j. �
 j,�� + ���lm. �
 lm,
 U + ���j. �
 kl,
 U  
Equation 6.1 

At the two highest engine load conditions, when the exhaust temperature was above 650°C, 

the reformer process efficiency was calculated to be greater than one (Figure 6.7a and b). This 

means that the total fuel enthalpy was increased by reforming (Figure 6.7c and d). The 

reformer process efficiency was similar for each feed gas fuel concentration; however, 
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increasing the fuel concentration to 1% increased the magnitude of the total fuel enthalpy 

increase achieved by reforming (Figure 6.7c & d), which is obviously beneficial. 

At the low temperature condition the reformer process efficiency is less than one, meaning 

some energy was lost in reforming the gasoline to reformate. As presented in Figure 6.5 

though, some hydrogen was produced that may still enable enhanced engine and total system 

efficiency. 

Figure 6.7 - Reformer process efficiency (a & b) and fuel enthalpy increase (c & d) plotted 

against REGR mass flow (a & c) and exhaust temperature at the reformer inlet (b & d) 

In the above analysis of the reformer process efficiency the HCs and CO contained in the 

exhaust gas (reformer feed gas) were included. These species were included because they 

have chemical energy (i.e. they are combustible) but they are supplied to the reformer as 

products of incomplete in-cylinder combustion. Usually they would be considered wasted 
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energy, being oxidised in the TWC or lost to atmosphere. In effect then, some of the HCs and 

CO in the exhaust gas are being reclaimed. Figure 6.8 compares the reformer process 

efficiency with and without these species included in the calculation. It can be seen that this 

modification increases the reformer efficiency. 

 

Figure 6.8 - Effect of including fuel energy from HCs and CO contained in the feed gas on 

reformer process efficiency 

6.5 Exhaust energy recovery 

6.5.1 First law analysis: exhaust stream energy 

Under normal engine operating conditions, i.e. when there is no reforming, the exhaust stream 

temperature drops by some amount ∆T as it passes across the reformer due to heat loss to the 

atmosphere. This is perhaps an obvious statement; however, it is necessary to consider this 

heat loss when estimating the amount of exhaust energy recovery achieved by the reformer. 

When operating with EGR or REGR at a given engine load and recirculation rate, the exhaust 

stream mass flow, composition, and temperature at the reformer inlet are very similar; 

therefore, it may be assumed that the heat loss to atmosphere is the same under each 

condition. 
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When the reformer is switched on there will be a greater exhaust stream temperature 

differential (∆TREGR) if energy is extracted by the overall endothermic reforming process. This 

means that the exhaust stream temperature drop due to reforming, ∆TRef can be estimated for 

each condition using ∆TRef = ∆TREGR - ∆TEGR. The rate of exhaust heat recovery is then 

approximately equal to the change in enthalpy of the exhaust gases as they drop in 

temperature by ∆TRef, and is calculated using Equation 6.2. The specific heat capacity of the 

exhaust stream, cexh, was calculated for the mixture of nitrogen, CO2 and steam (post-TWC 

composition) at the average of the pre- and post-reformer exhaust stream temperature. 

Exhaust heat recovery, �
 = �
 =  �
 
 U ⋅ ��̅,
 U ⋅ �!�
� (kW) Equation 6.2 

The rate of exhaust stream heat recovery achieved by fuel reforming at each engine condition 

is plotted in Figure 6.9. The highest rate of heat recovery was achieved at the 105Nm engine 

condition when the reformer temperature was highest. This engine condition used 

intermediate REGR mass flow rates and so the reformer’s ability to recover exhaust energy 

was not compromised by high GHSV. At the 50Nm engine condition, increasing the REGR 

flow to the highest rate reduced heat recovery due to the combined effects of increased GHSV 

and lower exhaust stream temperature (increased charge dilution causes lower combustion 

and exhaust temperatures). Therefore, there was a smaller temperature differential between 

the exhaust stream and the reformer resulting in less heat transfer. In general, increasing the 

reformer fuel flow increases the amount of exhaust heat recovery. 

Figure 6.10 presents the exhaust heat recovery as a fraction of the total fuel energy, effective 

engine work and pre-reformer exhaust stream energy. When working close to optimally at the 

50Nm and 105Nm conditions, the reformer is able to extract energy from the exhaust stream 

to recover around 1% of the total fuel energy supplied to the engine and reformer, which 

equates to between 3-4% of the effective engine work.  
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Figure 6.9 - Rate of exhaust stream heat recovery with fuel reforming 

 

Figure 6.10 - Exhaust stream heat recovery as a fraction of total fuel energy, engine effective 

work and pre-reformer exhaust energy 

6.5.2 Second law analysis: exhaust stream exergy  

According to the second law of thermodynamics, exergy represents the maximum amount of 

work that may be extracted by bringing a system at temperature T to the ambient temperature 

T0. The exergy of a fluid stream can be evaluated using Equation 6.3 [63]. This considers the 

exergy of the enthalpy, kinetic energy and potential energy of the fluid stream. This analysis 

was applied to the exhaust stream, which contains multiple gas species, using Equation 6.4 to 

calculate the ‘energy availability’ of the pre- and post-reformer exhaust gas, where *

 U is the 

molar flow of the exhaust stream (kmol/s) and ni is the molar fraction of gas species i. In this 

case, T0 was taken as 298K.  
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� = (ℎ − ℎ�) − !�(t − t�) + ��+ + ��  (kJ/kmol) Equation 6.3 

�
 U = � *

 U ⋅ �� ⋅ �iℎ� − ℎ�,�n − !�it� − t�,�n�   (kW) Equation 6.4 

There were various assumptions made during the analysis. These included: the exhaust stream 

is a mixture of ideal gases; specific heat values are taken at the average process temperature, 

and were calculated using 3
rd

 order polynomial relationships [63]; the TWC converts the 

exhaust stream to a mixture of inert gases (nitrogen, carbon dioxide and steam) with 100% 

efficiency and therefore the exhaust contains no species with chemical potential energy; the 

exergy of the kinetic and gravitational potential energy components of the exhaust stream are 

negligible. 

As the reformer was designed to recover energy from the exhaust stream, there should be a 

reduction in exergy, or available energy, across the reformer. A more efficient overall engine-

reformer system should also result in a reduction of the exhaust stream exergy (for a given 

load) at the reformer inlet. This accounts for the influence of REGR on the engine and 

combustion efficiency, which directly influences the exhaust exergy. 

Figure 6.11 plots the pre- and post-reformer exhaust stream exergy as a percentage of the 

engine brake power for each test condition at each engine load. These plots show the general 

trend for reducing exhaust stream exergy with increasing dilution rate and reformed fuel 

fraction. In each case the baseline condition exhaust exergy was highest; both EGR and 

REGR reduced the exhaust exergy. The 50Nm engine condition represents the highest 

‘relative’ exergy with 60% of the brake power available for recovery; the highest absolute 

exergy was at the 105Nm condition. 
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Figure 6.11 - Comparing pre- and post-reformer exhaust stream exergy for a variety of engine 

conditions (a) 35Nm, (b) 50Nm and (c) 105Nm 

6.6 Summary 

This chapter has demonstrated a full-scale prototype exhaust gas fuel reformer coupled with a 

multi-cylinder GDI engine. The results confirm that endothermic reforming of gasoline is 

feasible at typical GDI engine exhaust temperature.  
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At higher exhaust temperatures (above 650°C) the reformer is capable of converting gasoline 

to hydrogen-rich gas in an overall endothermic process while recovering some exhaust 

energy. Performance is borderline effective at lower exhaust temperature (around 600°C). 

This means that some reforming is possible, which produces hydrogen that may be beneficial 

to engine operation, but a small amount of fuel energy is lost in the reforming process.  

Speciation of the reformate at a range of engine conditions indicates a large variation in its 

quality, with a strong dependence on process temperature. Reformate quality also drops off 

with increasing feed gas flow rate, however the rate of hydrogen production is increased while 

also raising the engine’s dilution rate.  

While the quantities of exhaust heat recovery are relatively low compared to the total energy 

content of the exhaust stream, the potential of a fuel reformer to efficiently produce hydrogen 

onboard a vehicle has been demonstrated. It was shown in Chapter 5 that quantities of 

hydrogen of the magnitude produced by the fuel reformer increases the engine’s dilution 

tolerance and, as well as providing other benefits to combustion and emissions, improves 

engine thermal efficiency. The effect of the integrated exhaust gas fuel reformer on engine 

efficiency and emissions will now be discussed in Chapter 7. 
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CHAPTER 7  

 ASSESSING GDI ENGINE PERFORMANCE WITH EXHAUST GAS 

FUEL REFORMING 

This chapter investigates whether the prototype exhaust gas fuel reformer is able to improve 

engine fuel efficiency as predicted by the simulated system in Chapter 5 and how the real 

REGR system affects engine emissions. Sections 7.1 and 7.2 discuss engine efficiency and 

emissions results for the engine and reformer operating conditions used in Chapter 6. Engine 

data are presented to identify the factors that influence engine efficiency when REGR is 

implemented. The effect that engine down-speeding has on GDI engine operation with 

exhaust gas fuel reforming is investigated in section 7.3. The chapter concludes with a study 

of the effects of fuel reforming at full engine load, including the use of two alternative gas 

recirculation system configurations. 

7.1 Engine fuel efficiency 

Figure 7.1 shows that the use of exhaust gas fuel reforming can provide a significant fuel 

saving at each of the engine conditions tested, particularly at the higher loads when conditions 

are more favourable for effective fuel reforming, i.e. the exhaust temperature is higher. The 

fuel efficiency results at the 105Nm engine condition were generally consistent with the 

trends presented in Table 5.5 in that REGR outperforms both EGR and the baseline condition. 

At the 35Nm condition the peak fuel efficiency improvement with REGR was lower than the 

other engine conditions, and lower than predicted in Table 5.5. There are various reasons for 

this. Firstly, the hydrogen concentration produced by the fuel reformer was lower at around 

3%, compared to 7.5% used in the simulated reformate (0.1 combustible gas fraction), which, 
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as shown in Figure 5.4, results in marginally lower combustion speed and stability for a given 

dilution rate. For the real system the reformer process efficiency was lower, calculated to be 

0.87 in section 6.4, meaning that some fuel energy was lost to the reforming process; 

therefore, the thermal efficiency of the total system will have been incrementally reduced. In 

contrast the ‘reformer efficiency’ of the simulated system was assumed to be 1, 1.1 or 1.3. 

Finally, there was a slightly lower maximum charge dilution rate of 26% compared to 28% 

for the simulated system. This was caused by the combustion stability limit being reached at 

lower dilution rate, again due to the lower hydrogen concentration. 

 

  

Figure 7.1 - Fuel efficiency (FE) improvement with EGR and REGR at three engine 

conditions 

Referring again to Figure 7.1, it is seen that raising the gasoline flow rate to the reformer 

(from 0.5% to 1% feed gas concentration) improved the engine fuel efficiency in every 

instance. At the higher temperature conditions, this was partly because some of the additional 
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gasoline was successfully consumed in endothermic fuel reforming reactions that increased 

the enthalpy of the reformate, although this was not the case at the lower temperature (35Nm) 

condition; this was identified earlier in Figure 6.7c. In every case though, even at the lower 

temperature, increasing the fuel concentration did supply additional hydrogen to the engine 

(Figure 6.5), which was able to accelerate and stabilise the combustion process with some 

benefit to its thermal efficiency. This is particularly apparent in Figure 7.1a for the 14kg/h 

REGR conditions. In this case increasing the fuel concentration from 0.5% to 1% increased 

the hydrogen yield from 1.5% to 2.8%, which was enough to stabilise combustion (reducing 

the COV of IMEP from 11% to 6%) and raise the engine efficiency. 

At the 35Nm engine condition the maximum REGR rate was limited by combustion stability, 

and at the other two conditions by the flow capacity of the gas recirculation system, so could 

not be increased further. However, it is evident that, in general, increasing the REGR rate 

improves engine fuel efficiency. The greatest engine fuel efficiency improvement observed 

was 8% at 50Nm/3000rpm. Because combustion was still stable at this condition, a further 

increase in the engine efficiency may be feasible if a higher REGR rate could be achieved. 

Being able to use a higher REGR rate would raise the reformed fuel fraction (of the total fuel 

supplied to the engine), which, providing the reforming conditions were adequate, would 

result in a greater enthalpy increase of the reformed fuel (∆Href). Additionally, increasing the 

charge dilution rate should continue to enhance thermal efficiency providing that the 

combustion performance is maintained. Aside from those benefits, the reformate quality 

would be reduced to some degree due to higher GHSV, which would make it harder to 

achieve stable combustion with the increasingly high charge dilution. 

These results show that the engine fuel efficiency improvement with REGR is always greater 

than can be achieved by conventional EGR, and generally offers at least double the fuel 
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saving. This is due to a combination of extended dilution rate (at the lower engine loads), 

which further reduces pumping and heat losses, as well as improved combustion (for similar 

dilution rates) and the successful conversion of waste exhaust energy to reformate fuel 

energy. The contribution from each of these factors will be discussed below with reference to 

Table 7.1, which summarises some important parameters that provide a measure of the engine 

and reformer performance and indicates the various sources of improved engine fuel 

efficiency. It also provides a quick comparison between the most efficient EGR and REGR 

conditions to the baseline condition at each engine load. Data are shaded where a result 

contributed to improved engine fuel efficiency. 

For any thermodynamic cycle applied to an IC engine the ideal thermodynamic efficiency is 

determined by the engine’s CR and the ratio of specific heats, γ, of the working fluid, as 

shown by Equation 2.12. It is preferable for thermodynamic efficiency (ideal and actual) to 

increase the values of CR and γ. In particular, γ is influenced by the working fluid 

composition and is reduced for increasing temperature, which is particularly relevant because 

the working fluid (the charge) temperature increases significantly during combustion. In this 

engine, because the AFR is fixed at stoichiometric, the charge composition varies mainly with 

overall dilution rate, which is ultimately defined by the residual gas fraction (influenced by 

valve timing) and the external EGR/REGR rate. The reforming process and specific reformate 

composition will also affect the charge composition. There are opposing affects on γ when 

EGR or REGR is introduced to the charge; γ is reduced when the concentration of steam or 

CO2 in the charge increases (this was demonstrated in Table 2.2), but generally the 

temperature is lower during combustion and the expansion stroke so γ may be lower than for 

undiluted combustion.  

 



 

 

 

 

C
h
ap

ter 7
: A

ssessin
g
 G

D
I en

g
in

e p
erfo

rm
an

ce w
ith

 ex
h
au

st g
as fu

el refo
rm

in
g

 

1
7
1
 

Table 7.1 - Summary of engine and reformer results to highlight the sources of improved engine efficiency with REGR 

ENGINE 

BSFC, 

g/kWh 

 

COV 

of 

IMEP ηcomb 
3
 

MFB 

10-90% 

(°CA) 

�
 ��� 
4 

(J/deg) 

PMEP 

bar 

PMEP 

(% of 

IMEP) 

 Exhaust exergy (% 

of engine power) 

Test conditions 
1 

ηideal 
2 

EGT 
5 

Engine-

out 

Post- 

reformer 

35Nm/ 

2100rpm 

Baseline 390 0.452 2.8% 96.8% 32° 7.8 0.61 21% 648°C 55% 46% 

10% EGR 384 0.472 2.4% 96.5% 29° 8.0 0.62 22% 621°C 50% 42% 

26% REGR (1%) 374 0.411 6.0% 96.1% 36° 7.9 0.53 18% 595°C 48% 41% 

50Nm/ 

3000rpm 

Baseline 352 0.460 1.6% 96.6% 24° 12.8 0.72 18% 749°C 64% 52% 

17% EGR 343 0.441 6.1% 95.7% 32° 9.8 0.59 15% 693°C 55% 48% 

26% REGR (1%) 325 0.466 2.4% 96.6% 30° 10.0 0.53 13% 669°C 50% 41% 

105Nm/ 

2100rpm 

Baseline 269 0.462 1.6% 96.1% 20° 22.1 0.50 7% 745°C 48% 46% 

19% EGR 260 0.455 2.5% 95.8% 28° 17.6 0.29 4% 675°C 40% 40% 

19% REGR (1%) 254 0.465 1.5% 96.4% 25° 18.6 0.28 4% 676°C 40% 36% 

REFORMER 
Reformed 

fuel 
6
 

 Reformer 

temp. 
8
 

Reformate Reforming process Exhaust heat recovery 
11

 

Test conditions 
1 

EGT 
7 

H2 CO ηref 
9 

∆Href 
10

,
 
kW

 kW  % of eng. power 

35Nm/ 2100rpm 26% REGR (1%) 21.2% 592°C 558°C 2.5% 0.8% 0.86 -0.34 0.1 1.3% 

50Nm/ 3000rpm 26% REGR (1%) 19.8% 661°C 568°C 9.8% 3.0% 1.14 2.29 0.4 2.4% 

105Nm/ 2100rpm 19% REGR (1%) 13.9% 683°C 615°C 7.3% 3.2% 1.04 0.90 0.8 3.4% 

Shaded regions identify parameters that contribute to increasing the engine thermal efficiency with REGR 
1 Data for EGR and REGR correspond to the highest fuel efficiency conditions in Figure 7.1; 2 Ideal thermodynamic efficiency calculated using Equation 2.12 and γ 

estimated from the log(p-V) gradient during the expansion stroke; 3 Combustion efficiency; 4 Maximum rate of heat of release from combustion; 5 Engine-out EGT; 
6 Fraction of total fuel processed by the reformer; 7 Pre-reformer EGT; 8 Reformer temperature (M4 thermocouple in Figure 3.8); 9 Reforming process efficiency; 
10 Enthalpy increase of reformed fuel; 11 Estimate of exhaust heat recovery based on the EGT drop due to reforming (section 6.5.1)
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There are also experimental influences on the calculated value of γ. For instance the 

deterioration of combustion stability implies that combustion occurs later for an increasing 

number of cycles, resulting in higher gas temperature during the expansion stroke and a lower 

γ value. 

The ideal thermodynamic efficiency was calculated using Equation 2.12. γ was estimated 

from the measured cylinder pressure data, the value taken as the gradient of a linear curve fit 

applied to the expansion stroke of the average log(p-V) curve over 300 engine cycles.  

In general, the use of external EGR resulted in a lower value of γ and reduced the calculated 

value of ideal thermodynamic efficiency (Table 7.1). The opposite was true when the EGR 

rate was lower (10% at the 35Nm condition) and the alternative cam timing had also reduced 

the residual fraction, so the overall dilution rate was low. For the REGR conditions at the two 

higher engine loads, γ and the ideal thermodynamic efficiency slightly exceeded that of the 

baseline. This was due to a combination of lower combustion temperature (than the baseline) 

and reduced steam (and to a lesser extent CO2) concentration in the raw charge (compared to 

EGR) after being consumed in reforming reactions. A sharp reduction of γ at the 35Nm 

REGR condition is expected to be partly a result of engine operation at the combustion 

stability limit resulting in more cycles with late combustion leading to high temperature, as 

well as the high dilution rate. 

Information that describes the combustion performance is provided in Table 7.1, specifically 

the combustion efficiency, main combustion phase duration, and the maximum rate of heat 

release. Together these indicate that combustion performance with REGR does not directly 

contribute to increasing engine efficiency. The combustion efficiency is not increased by 

REGR, and is relatively unchanged in any case, although is slightly lower for EGR. Therefore 
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the fraction of the total chemical energy released during combustion is not increased by 

REGR compared to the baseline, but it is not reduced as it is by EGR. The maximum heat 

release rate with REGR is never greater than at the baseline, which means combustion is 

generally slower and the combustion durations are longer. From these results it is concluded 

that combustion performance is not improved by REGR relative to the baseline, but it is 

enhanced compared to EGR for the same dilution rate or maintained while achieving higher 

charge dilution. 

It is well established that charge dilution reduces pumping losses and Chapter 5 confirmed 

this to be the case with REGR too. In these tests the pumping work at the baseline condition 

was of similar magnitude for each engine load, between 0.5-0.7bar PMEP in Table 7.1. 

However, the pumping work was a far greater proportion of the IMEP at lower engine load 

and is therefore a more significant cause of engine inefficiency. REGR reduced the pumping 

work at all engine conditions by a similar fraction of the IMEP, between 3 and 5 percentage 

points, therefore providing a contribution to the overall increased engine efficiency with 

REGR in each case. 

Cam timing also has a strong influence on the pumping work. The standard cam timings, 

which result in a long valve overlap during the intake stroke, aim to reduce NOx emissions by 

generating high exhaust residuals. This approach also reduces the pumping work by de-

throttling the engine and increases engine efficiency. The short valve overlap cam timings 

used here for low exhaust residuals have the opposite effect, and it requires the use of 

moderate to high EGR or REGR rates to reduce the pumping work significantly below that 

for the baseline case. 
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The rate of heat transfer from the cylinder contents to the combustion chamber walls is 

controlled to large degree by the temperature gradient that arises as a result of combustion; the 

total heat loss therefore increases with combustion temperature. Charge dilution reduces the 

combustion temperature and the total heat loss, thereby improving engine efficiency to some 

degree. Additionally the hot exhaust gases leaving the cylinder contain a significant 

proportion of the energy released from combustion. Although not quantified, it can be inferred 

that REGR reduced heat losses. The large reductions in EGT (Table 7.1) and lower NOx 

formation with REGR (Figure 7.2 below) imply that lower in-cylinder temperatures prevailed 

during the combustion process, inevitably reducing the rate of heat transfer and the total heat 

loss.  

Details of the reforming process efficiency, amount of exhaust heat recovery and the exhaust 

exergy for each condition are also included in Table 7.1. These results were presented in 

Chapter 6 and are included here to highlight that the reforming process directly contributes to 

increasing the engine efficiency by increasing the reformed fuel enthalpy. 

7.2 Engine emissions 

Figure 7.2 confirms that NOx, CO and PM emissions were all reduced by REGR, similarly to 

the results obtained in the simulated REGR experiments of Chapter 5. Again there was a 

moderate increase in HC emissions due to the highly diluted combustion and reduced in-

cylinder temperature, but the increase was less than for equivalent EGR dilution. The 

mechanisms for reduced emissions with EGR and REGR have been adequately discussed and 

justified and will not be repeated here. However, it is important to demonstrate that exhaust 

gas fuel reforming provides a complete solution for reducing fuel consumption, gaseous 

emissions and PM. 
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Figure 7.2 - Effect of REGR on engine-out specific NOx, HC, CO emissions and PM number 

concentration at 35Nm (a), 50Nm (b) and 105Nm (c) [PM sampled using thermodenuder] 

Table 7.2 details the percentage variation in engine emissions with REGR compared to the 

baseline emissions performance. The 50Nm engine condition showed perhaps the best overall 

change in emissions when using REGR; NOx was reduced by 91% and CO by 24%, PM 

number and mass were reduced by 78% and 84% respectively, while HC suffered a moderate 

increase of 51%. 

Table 7.2 - Percentage change in engine emissions with REGR from baseline performance 

CO HC NOx PM # PM Mass 

35Nm -23% +177% -85% - - 

50Nm -24% +51% -91% -78% -84% 

105Nm -31% +19% -78% -71% -86% 
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7.2.1 PM emissions 

A more detailed analysis of the effect of EGR and REGR on PM emissions is provided by 

Figure 7.3, which compares the total PM number and mass concentration with EGR and 

REGR with 0.5% and 1% reformer feed gas fuel concentration at 105Nm/2100rpm. The error 

bars show some variability in the particulate measurements, but the general trend is that both 

EGR and REGR reduce PM number and mass. This replicates Figure 5.7 from the simulated 

REGR testing that revealed REGR reduces PM more than a comparable EGR dilution. This 

effect was repeated with the use of the prototype fuel reformer at the high dilution rate 

(19kg/hr) condition. With moderate dilution (~8kg/hr) both EGR and REGR gave very similar 

particulate measurements, although both were lower than the baseline. Section 5.2.4 described 

in detail the reasons for PM emissions reduction with EGR and REGR containing hydrogen 

and CO. 

The influence of cam timing on PM at the baseline condition (with no external dilution) 

should also be noted. The standard cam timing uses a long overlap period well into the 

induction stroke, resulting in higher exhaust residuals than with the modified cam timings 

used elsewhere. Changing to the cam timings for low exhaust residuals increases the PM 

number and mass. This is indicative of the effect that internal EGR has on reducing PM 

emissions [30]. Another reason PM is lower with the standard cam timings is that the exhaust 

valve opens later which extends the high temperature period for soot oxidation. Introducing 

low levels of EGR or REGR with the modified cam timing reduces the PM emissions to some 

degree, but it requires the use of high REGR to bring the PM emissions below that for the 

engine in baseline configuration. EGR was not able to match this PM reduction.  
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Figure 7.3 - Total particle number and mass concentration with alternative dilution strategies 

at 105Nm/2100rpm [PM sampled using thermodenuder] 

7.3 Effect of exhaust gas fuel reforming on engine performance when combined with 

down-speeding 

So far the fuel reformer and engine performance has been presented for three engine 

conditions. Of these, engine efficiency was improved most significantly at the 

50Nm/3000rpm condition, which equates to 15.7kW effective engine power. This section 

investigates how reducing the engine speed from 3000rpm to 2500rpm and 2000rpm, while 

the engine power is maintained at 15.7kW by increasing the load, influences the fuel 

reformer’s ability to improve fuel efficiency. This is of relevance because engine down-

speeding is a technique increasingly used in vehicle development in order to operate the 

engine more frequently in higher efficiency regions of the performance map. 

The EGT and the maximum recirculation rate both vary with engine speed and load, which 

are parameters of particular importance to reformer operation. For example, Figure 7.4, which 

was obtained in section 5.4.4, shows the variation of post-TWC exhaust temperature across 

the engine range; the three constant power engine conditions selected for this investigation are 

identified by ∆ markers. This demonstrates that the temperature drops by approximately 50°C 

as the engine speed is reduced from 3000rpm to 2000rpm. This may be expected to be of 
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some detriment to reformer performance, but it was not known if this would reduce or 

eliminate the engine fuel efficiency benefit experienced when implementing REGR at the 

50Nm/3000rpm condition. At each of the three engine conditions the EGR valve was fully 

opened to achieve the maximum REGR rate, and the reformer feed gas fuel concentration was 

fixed at 1%.  

 

Figure 7.4 - Map of post-TWC exhaust temperature with simulated REGR 

∆ markers identify the three selected constant power (15.7kW) engine conditions 

7.3.1 Reformer performance 

Table 7.3 summarises the reforming conditions and the reformate composition for the three 

constant power engine conditions used. The reformate hydrogen and HC concentrations were 

not measured for these tests. The reformer inlet EGTs were higher than predicted by Figure 

7.4 due to the thermal insulation applied to the exhaust system, but there was still a 45°C drop 

in temperature as a result of reducing the engine speed from 3000rpm to 2000rpm. The 

reformer plate temperatures were higher at the lower engine speeds because the lower REGR 

flow rate meant there was less fuel injected into the reformer. In each case the resulting 

reformed fuel fraction of the total gasoline supplied to the system was similar at around 20%. 

This was a consequence of the parallel reduction of REGR flow and fuel flow to the engine, 

which were caused by the increased intake manifold pressure and more efficient engine 
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operation, respectively. Lower CO and higher CO2 and steam concentrations in the reformate 

clarify the slight reduction in reformer activity at lower engine speed when the EGT was 

lower. 

Table 7.3 - Summary of reforming conditions and reformate composition 

REGR 

(kg/h) 

Reformed 

fuel 
1 

(%) 

EGT (Pre-

reformer) 

Reformer 

temp. 
2 

Reformate composition 

CO,% CO2, % Steam, % 

50Nm/ 

3000rpm 
25 20 662°C 545°C 3.3 11.9 5.1 

60Nm/ 

2500rpm 
23 19 654°C 577°C 3.1 11.7 6.1 

75Nm/ 

2000rpm 
21 20 617°C 568°C 2.0 12.2 7.6 

1 Fraction of total fuel processed by the reformer; 2 Reformer temperature (M4 thermocouple in Figure 3.8) 

7.3.2 Engine efficiency 

Table 7.4 summarises the engine efficiency and emissions performance when down-speeding 

with REGR. The shaded data identify the best performance in each case. Down-speeding 

requires the engine to be de-throttled in order to increase load and maintain power, which 

increases the intake manifold pressure thereby reducing the pumping work (Table 7.4). 

Engine friction and other parasitic losses are also reduced for lower engine speeds. These 

factors combine to raise the thermal efficiency and reduce the BSFC.  

Figure 7.5 demonstrates the steady reduction of fuel consumption achieved by engine down-

speeding for the baseline GDI engine condition. The trend is also closely matched when 

operating with REGR, but is offset to lower BSFC. This confirms there is a consistent fuel 

efficiency benefit of around 7%, meaning that exhaust gas fuel reforming is equally effective 

at the lower engine speeds and is therefore compatible with the engine down-speeding 

approach to increasing fuel efficiency. 
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Table 7.4 - Engine efficiency and emissions when down-speeding with REGR 

MAP 
1 

(bar) 

PMEP 

(bar) 

EGT 

(Pre-

reformer) 
 

BSFC 

(g/kWh) 

Emissions (g/kWh) 

CO HC NOx 

50Nm/ 

3000rpm 

Baseline 0.58 0.75 704°C 348 31 2.3 9.2 

REGR 0.63 0.57 662°C 325 27 3.8 1.0 

60Nm/ 

2500rpm 

Baseline 0.67 0.67 719°C 316 35 2.0 8.9 

REGR 0.70 0.45 654°C 294 23 3.4 0.9 

75Nm/ 

2000rpm 

Baseline 0.72 0.58 686°C 291 31 2.1 9.2 

REGR 0.78 0.33 617°C 272 20 3.6 1.2 

1 Intake manifold air pressure. Shaded data identifies the best performance  

 

 

Figure 7.5 - BSFC and percentage BSFC reduction with REGR for different engine operating 

points (fixed power - 15.7kW) 

7.3.3 Combustion 

Figure 7.6 depicts the combustion process with pressure-volume diagrams, rate of heat release 

and MFB curves plotted for each engine speed/load condition with REGR. It can be seen 

clearly in Figure 7.6b that the pumping loop generated by the exhaust and induction strokes is 

reduced significantly by moving to lower engine speed, and this is a primary factor that 

increases engine efficiency when down-speeding a throttled SI engine. 
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Figure 7.6 - Combustion plots for the three constant power (15.7kW) engine conditions with 

REGR: (a) pressure-volume diagram, (b) log(pressure-volume) diagram, (c) rate of heat 

release, (d) MFB curve 

Reducing the engine speed also results in higher peak cylinder pressure (Figure 7.6a) near to 

TDC, increasing the work generated. This is partly because the heat released from combustion 

per degree of crank rotation becomes higher as the engine speed is reduced (Figure 7.6c) 

leading to a higher rate of cylinder pressurisation. Also, the cylinder pressure at BDC is 

increased at lower engine speed, matching the intake manifold pressure, which leads to higher 

pressure for the duration of the compression stroke (Figure 7.6b) although this does increase 

the compression work slightly. Aside from this the combustion performance at each condition 

0 2 4 6

x 10
-4

0

5

10

15

20

25

30

Cylinder Volume, m3

C
y
lin

d
e
r 

P
re

s
s
u
re

, 
b
a
r

 

 

10
-5

10
-4

10
-3

10
-1

10
0

10
1

10
2

log(Cylinder Volume, m3)

lo
g
(C

y
lin

d
e
r 

P
re

s
s
u
re

, 
b
a
r)50Nm/3000rpm

60Nm/2500rpm

75Nm/2000rpm

Crank Angle, deg aTDC

-40 -30 -20 -10 0 10 20 30 40 50 60
-5

0

5

10

15

Crank Angle, deg aTDC

R
a
te

 o
f 

H
e
a
t 

R
e
le

a
s
e
, 

J
/d

e
g

-40 -30 -20 -10 0 10 20 30 40 50 60
0

0.5

1

Crank Angle, deg aTDC

M
a
s
s
 F

ra
c
ti
o
n
 B

u
rn

e
d

(b) (a) 

(c) 

(d) 



Chapter 7: Assessing GDI engine performance with exhaust gas fuel reforming  

 

182 

 

is quite similar, certainly in terms of the combustion phasing (visualised by the MFB curve in 

Figure 7.6d). 

Of the engine conditions investigated, 75Nm/2000rpm with maximum REGR offers the best 

overall performance in terms of fuel efficiency and emissions (Table 7.4). Partly this is due to 

the effect that engine down-speeding has on increasing thermal efficiency. Importantly, 

exhaust gas fuel reforming continues to offer a fuel efficiency improvement as the engine 

speed is reduced and reforming conditions become less favourable. 

7.4 Full load engine performance with exhaust gas fuel reforming 

This section investigates and compares the use of EGR and REGR at full engine load. 

Abnormal combustion is often encountered at high load, particularly knock which occurs 

readily at lower engine speeds. EGR has proven to be able to attenuate knocking combustion 

[28, 32, 122] and low speed pre-ignition [31] at high engine load. Similarly, the knock 

susceptibility of gasoline combustion is reduced by the addition of hydrogen and CO which 

act as octane enhancers [71]. The REGR system combines hydrogen and CO addition with 

EGR-like dilution, therefore may also be expected to successfully attenuate knock. 

For this investigation the fuel reformer was operated with the engine at wide-open throttle at 

1500rpm. This low speed condition was selected as it would be suitable to establish the 

influence of REGR on the engine’s combustion performance and knock characteristics. The 

standard cam timings (-28° IVO and 28° EVC) were used which provide a long valve overlap 

period centred around TDC to ensure good cylinder scavenging and high VE under boosted 

intake manifold conditions. For each test point the knock-limited ignition timing was used and 

the charge air temperature controlled to 45°C. In each case the reformer feed gas fuel 

concentration was 1.5%.  
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For turbocharged engines operating at full load the intake manifold pressure is similar to or 

higher than the exhaust pressure, which means it is generally not feasible to use a HP gas 

recirculation system. Therefore the MP and LP gas recirculation system configurations 

illustrated in Figure 3.9 were implemented for this investigation. These systems extract 

exhaust gas from either before (MP) or after (LP) the turbine; therefore, they influence the 

turbocharger and engine operating characteristics, such as turbine mass flow and 

backpressure, which strongly influence peak load and engine efficiency. In both cases the re-

circulated gas is inducted into the intake system upstream of the compressor. The maximum 

recirculation rate was found to be 13% using the MP system and, due to the lower manifold 

pressure ratio, 6% for the LP system. 

Before the full load engine performance with REGR is examined, details of the exhaust and 

reformer temperatures and the reformate composition will be presented. 

7.4.1 Reformer operation at full engine load 

Ignition retardation implemented to avoid knock at the full load baseline condition results in 

the EGT approaching 800°C, higher than if a more advanced combustion process were 

possible. Figure 7.7a indicates that there is a more significant drop in EGT when introducing 

EGR or REGR than seen at lower engine loads because there is a greater influence from 

advanced combustion phasing, which reduces the EGT. Referring back to Figure 6.1, the use 

of 17kg/h REGR caused a 40°C drop in EGT at 50Nm/3000rpm, and by 70°C for 19kg/h at 

19kg/h at 105Nm/2100rpm. Figure 7.7a shows that at this full load condition the EGT was 

reduced by 100 degrees to around 700°C with just 13kg/h REGR. The resulting reformer plate 

temperatures, which were generally between 610-660°C (Figure 7.7b), were quite similar to 

the 105Nm/2100rpm condition used in Chapter 6.  
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It should be considered that these tests were performed under steady state conditions meaning 

that the exhaust and reformer temperatures had the opportunity to equilibrate. During normal 

transient engine use, which may experience relatively short durations at full load and large 

variations in engine speed, thermal inertia associated with the exhaust and reformer system 

could lead to substantially different reformer temperature distributions. 

 

 

Figure 7.7 - (a) Variation of pre-reformer EGT with EGR and REGR flow rate and (b) 

temperature distribution across the middle reformer plate at full engine load, 1500rpm 

 

Figure 7.8 - Reformate composition variation with reformer flow rate at full engine load, 

1500rpm using the LP and MP systems 

The relatively low REGR flow rates combined with high EGTs improved the reforming 

activity compared to the earlier tests, which meant that a higher feed gas fuel concentration of 
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1.5% could be used without excessive HC breakthrough. For these reasons the maximum 

hydrogen and CO yields (Figure 7.8) were higher than the results presented in Chapter 6. 

7.4.2 Full load engine performance and fuel efficiency 

Figure 7.9a plots the peak torque achieved at full engine load and the corresponding fuel 

efficiency for MP and LP REGR, and shows that the peak torque produced by the engine was 

reduced as the REGR flow rate increased. This was a result of fresh charge being displaced by 

REGR, reducing the volume of oxygen available for combustion. Therefore less fuel (gasoline 

and reformate) was supplied to the cylinder in order to maintain a stoichiometric AFR, 

meaning that the total energy released from combustion was reduced, which results in lower 

peak torque. 

In addition, when REGR is introduced using the MP system the engine’s VE is reduced 

considerably, more than for the LP system. This is because exhaust gases are extracted from 

before the turbine, which reduces the pre-turbine pressure, the exhaust mass flow and the 

resulting rate of turbine work; in turn, there is lower compressor work and the intake manifold 

pressure is reduced. This causes the drop in VE, which also reduces the fresh charge mass for 

combustion. It is also apparent that higher engine torque was achievable with the LP system 

that the MP system. This is because the exhaust gas is extracted after the turbocharger; 

therefore, the mass flow through the turbine is higher with the LP system, which increases the 

turbine work. 

Although REGR was detrimental to peak torque the engine fuel efficiency was improved 

significantly in all cases, by up to 8% at the highest REGR flow condition (Figure 7.9). There 

was a slightly smaller fuel efficiency benefit with the LP system, partly because the REGR 

flow rate was lower compared to the MP system, and also because there was a higher exhaust 



Chapter 7: Assessing GDI engine performance with exhaust gas fuel reforming  

 

186 

 

backpressure due to increased turbine mass flow. The various reasons for improved engine 

efficiency with REGR were discussed in section 7.1, most of which are also applicable at high 

engine load, and will be expanded upon in section 7.4.3. 

  

Figure 7.9 - (a) Peak torque and fuel efficiency and (b) percentage fuel efficiency 

improvement at 1500rpm using EGR and REGR with the MP and LP systems 

It should be emphasised that the engine speed was selected to be 1500rpm because it is a low 

speed condition, and will therefore be susceptible to knock at high load. This happens to be 

below the speed at which the engine is able to produce maximum torque, which is achieved 

between approximately 1750 and 4500rpm. This means that 1500rpm is outside of the 

turbocharger’s optimum operating range. Therefore it may be expected that with some 

redesign of the turbine and compressor characteristics, the full load performance at low speed 

may be restored to some degree while implementing REGR by providing higher intake 

manifold pressurisation. 

7.4.3 Combustion with REGR at full engine load 

Increasing the EGR or REGR mass flow rate advanced the initiation of knock and so the 

ignition timing could also be advanced. This is demonstrated in Figure 7.10, which shows that 

the combustion phasing (position of MFB50%, °aTDC) was steadily advanced as EGR or 

REGR was introduced. At the baseline GDI engine condition MFB50% occurred at around 
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21°aTDC, which is considerably retarded and of detriment to thermodynamic efficiency. The 

ability to advance the combustion phasing when using EGR or REGR works to increase the 
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engine torque. The relative changes to engine emissions are small compared to earlier results 

because the EGR and REGR rates were low at around 8%. 

Table 7.5 - Summary of engine conditions, efficiency and emissions at full load, 1500rpm at 

the baseline, with LP-EGR and LP-REGR  

Max 

torque 

(Nm) 

Exhaust 

Pressure 
1 

(bar) 

EGT 
2 

(°C) 

MAP 
3 

(bar) 

MAF 
4 

(kg/h) 

BSFC 

(g/kWh) 

Emissions (g/kWh) 

CO HC NOx 

Baseline 213 1.43 839 1.34 129 267 42 2.5 18 

EGR 195 1.39 764 1.29 115 261 37 3.5 12 

REGR 194 1.37 750 1.27 111 254 37 3.1 14 

1 Pre-turbine exhaust pressure; 2 Pre-turbine EGT; 3 Intake manifold air pressure; 4 Air mass flow  

The cylinder pressure trace, rate of heat release and MFB curves are plotted in Figure 7.11 for 

each condition. For combustion with REGR the cylinder pressure begins to rise above the 

compression pressure curve earlier in the cycle (Figure 7.11a) due to a combination of 

advanced ignition timing relative to the baseline, and faster and more advanced combustion 

compared to EGR (Figure 7.11b). Together these result in the peak cylinder pressure 

occurring closer to TDC and the combustion phasing being advanced toward the optimum 

position (Figure 7.11c).  

Referring to the pressure-volume diagrams of Figure 7.12 it can be seen that REGR shifts the 

work loop towards TDC, which increases thermodynamic efficiency as it is closer to the ideal 

Otto cycle shape. Even so, there is a large departure from the typical Otto cycle around TDC, 

particularly for the baseline due to late ignition timing and combustion initiation. It should be 

noted that the air and fuel flow rate was different in each case due to the variation in manifold 

conditions caused by the shift in turbocharger performance. Because there was a higher air 

mass flow to the cylinder at the baseline condition (Table 7.5), there was more potential fuel 

energy to be released during combustion and this, combined with higher and later rate of heat 
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release (Figure 7.11b), resulted in higher cylinder pressure for the duration of the expansion 

stroke. This meant that the work generated was higher than when EGR or REGR were used, 

but at the expense of efficiency. It is also apparent from Figure 7.11b that the pumping work 

was insignificant at full engine load while under boosted intake manifold conditions, with the 

pressure-volume diagram pumping loop virtually eliminated. 

 

Figure 7.11 - (a) Cylinder pressure, (b) rate of heat release and (c) MFB curve for combustion 

at full load, 1500rpm at the baseline, with LP-EGR and LP-REGR 
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Figure 7.12 - (a) Pressure-volume and (b) log(pressure-volume) diagrams for combustion at 

full load, 1500rpm at the baseline, with LP-EGR and LP-REGR  

7.5 Summary 

This chapter has confirmed that exhaust gas fuel reforming is a technology capable of 

improving GDI engine efficiency and emissions with the demonstration of a full-scale 

prototype coupled with a multi-cylinder GDI engine. Analysis of the reformer process in 

chapter 6 showed that GDI engine exhaust conditions are favourable for fuel reforming and 

can promote endothermic reforming reactions to achieve exhaust heat recovery and increase 

the fuel enthalpy, although this was not true for the lower engine load condition tested. This 

chapter has shown that, in any case, operating with the reformer improves engine efficiency, 

by up to 8% for the higher temperature conditions and 4% for the lower temperature 

condition. Gaseous and PM emissions are largely reduced with the implementation of REGR 

with the exception of HCs, which are slightly increased. 

Further tests identified that engine down-speeding does not reduce the effectiveness of 

exhaust gas fuel reforming in terms of the percentage reduction of fuel consumption, 

providing a consistent benefit of around 7% between 2000 and 3000rpm under steady state 

conditions.  
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The use of REGR at full engine load was found to be effective for advancing the onset of 

knock, allowing for advanced combustion phasing as well as increasing engine efficiency. 

However, the peak engine torque was reduced substantially with increasing REGR mass flow. 

A LP gas recirculation system offers higher peak load performance than a MP system due to 

higher exhaust mass flow through the turbine. The MP system does allow higher REGR rates 

to be used that result in a larger efficiency increase, although at the expense of peak engine 

torque. 
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CHAPTER 8  

CONCLUSIONS 

8.1 Summary of findings 

The thesis has explored how exhaust gas fuel reforming can be beneficial to GDI engine 

efficiency and emissions, and has investigated the characteristics of the exhaust gas fuel 

reforming process applied to a GDI engine under stoichiometric exhaust conditions. 

Experimental results were collected from simulated reformate combustion studies using a 

single-cylinder GDI engine and a 2L turbocharged GDI engine, as well as from tests using a 

full-scale prototype exhaust gas fuel reformer. A summary of the major findings from this 

collection of research follows. 

8.1.1 Reformate combustion studies 

Single-cylinder engine 

Experimental data from reforming catalyst testing informed the selection of an achievable 

reformate composition to be used for the study of reformate combustion in the single-cylinder 

engine. Bottled reformate was used to replicate a REGR system and, due to the absence of an 

EGR system on the single-cylinder engine, nitrogen was used to approximate conventional 

EGR. The reformate composition was 5% hydrogen, 4% CO, 10% CO2 and 81% nitrogen. 

The results showed that REGR improves combustion stability, results in a large NOx 

reduction relative to the baseline engine condition, and a reduction in HCs relative to EGR. 

REGR enables a wider range of usable ignition timings at low engine load and reduces the 

tendency to knock at higher load. Because nitrogen was used to approximate EGR there were 
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some limitations when interpreting the results, specifically because the steam and CO2 

contained in real EGR influence the charge properties and the resulting combustion process. 

Multi-cylinder engine 

These limitations were addressed in tests on the multi-cylinder GDI engine by adding 

hydrogen and CO to the intake via a conventional EGR system in order to replicate REGR. 

This approach enabled the generation of reformate with realistic, achievable compositions that 

included CO2 and steam. Again REGR and EGR performance were directly compared to the 

baseline GDI engine. The simulated REGR system consistently improved engine efficiency 

and emissions relative to the baseline GDI engine and engine operation with EGR.  

At low engine load (3bar IMEP) REGR outperforms EGR by improving the ignitability of the 

charge and increasing the combustion rate, which together improve combustion stability 

thereby extending the dilution limit. Additionally, the use of valve timings for low exhaust 

residuals was found to extend the maximum achievable REGR rate, which may otherwise be 

limited by poor combustion stability. This enabled an 8% improvement to indicated efficiency 

with REGR at low load. At higher load (7.2bar IMEP) EGR and REGR performance were 

more comparable because the dilution rate was limited by the maximum flow rate of the gas 

recirculation system, in each case increasing indicated efficiency by around 5%. Data from 

reforming studies were used to estimate the reforming process efficiency, which was 

estimated to be 1.1, and enabled a prediction of the total engine-reformer system efficiency. 

This increased the predicted indicated system efficiency benefit of REGR to 9% and 6% at 

3bar and 7.2bar IMEP. 

Engine performance maps were generated to identify the relative performance of REGR at a 

wider range of engine conditions. The performance maps showed that REGR increases 
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indicated engine efficiency quite consistently, between 6% and 9% compared to the baseline 

GDI engine across the engine range explored (between 1000 and 3000rpm and up to 

110Nm/7.5bar IMEP).  

It is well accepted that charge dilution with EGR slows the combustion process, and this was 

also found to be the case for REGR when compared to the standard GDI engine. Generally it 

was found that the combustion rate was increased when hydrogen and CO were present in the 

charge with REGR compared with an equivalent EGR dilution, resulting in shorter 

combustion initiation and main phase durations. The improved ignitability and faster 

combustion enhanced the combustion stability and contributed to increasing the combustion 

efficiency. The overall combustion performance with REGR could not be restored to that for 

the baseline GDI engine, but it was possible to operate with higher dilution rates relative to 

EGR at low load engine conditions. 

The engine-out EGT was reduced significantly by increasing the REGR rate, but exothermic 

reactions across the TWC meant that the reduction of the reformer inlet EGT was not as large. 

These results suggested that, due to its strong influence on the reforming process, the drop in 

EGT with increasing REGR may limit the maximum REGR rate for lower load engine 

conditions. 

Overall, REGR has a positive effect on engine emissions. The primary factor that leads to 

reduced NOx and CO emissions is the lower combustion temperatures experienced with 

REGR. This same factor combined with slower combustion and advanced exhaust cam 

phasing increases HC emissions, but less than with EGR. NOx emissions were reduced by 82-

96% across the range with REGR compared to the baseline. This was greater than was 
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achieved by EGR, which reduced NOx by 40-90%. This improvement is due to the higher 

charge dilution rates possible with REGR. 

PM emissions measurements found that REGR reduces PM number and mass in a similar 

manner to EGR, as well as reducing the mean particle diameter. The results also identified 

that the hydrogen and CO contained in REGR reduces PM emissions further than EGR alone, 

suggesting that there are complimentary mechanisms that reduce PM formation. Importantly, 

the energy content of reformate replaces a fraction of the liquid gasoline injected into the 

cylinder, which improves the charge homogeneity and reduces the possibility for PM to be 

formed when fuel rich regions of charge are burned. Generally speaking, advancing the 

ignition timing increases PM emissions, and the results revealed that using REGR reduces the 

sensitivity of PM emissions to ignition timing from 10 to 1.6 μg/m
3
 per degree.  

8.1.2 Exhaust gas fuel reformer performance 

Experimental work using a full-scale prototype exhaust gas fuel reformer integrated with a 

multi-cylinder GDI engine has demonstrated that producing hydrogen by endothermic 

reforming of gasoline is possible. In doing so, some waste exhaust energy is recovered. 

When the exhaust temperature was greater than 650°C, which is typical for moderate engine 

loads, exhaust gas fuel reforming was capable of converting gasoline to hydrogen-rich gas in 

an overall endothermic process. The reforming process efficiency was calculated to be greater 

than one, up to a maximum of 1.21, indicating that the fuel enthalpy was increased by 

reforming. The reformer was less effective when the exhaust temperature was lower (≈600°C) 

at lower engine load, and reforming process efficiencies were lower at around 0.87 meaning 

that some fuel energy was lost in the reforming process.  
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Analysis of the reformate composition for a range of reforming conditions confirmed a large 

variation in reformate quality with a strong dependence on process temperature, as predicted 

by thermodynamics. Increasing the reformer reactant flow rate reduced the reformate quality, 

which, while not unexpected, is a significant result because the preceding research suggested 

that it is generally preferable to maximise the engine’s REGR rate. 

At the higher temperatures the measured hydrogen concentration varied between 7 and 11% 

depending on the specific reforming conditions, decreasing as the REGR flow rate increased. 

Reforming activity was reduced at lower temperature but the system was still able to produce 

reformate with between 2.5 and 6% hydrogen. Measurements with a GC-FID provided in-

depth speciation of the HC components of reformate, indicating that the aromatic fraction of 

gasoline is most difficult to reform. 

The maximum rate of exhaust heat recovery achieved by the reforming process (based on the 

drop in EGT resulting directly from reforming) was estimated to be 0.8kW, which equated to 

approximately 4% of the effective engine power. The energy content and exergy of the 

exhaust stream were more substantially reduced when operating with REGR compared to the 

baseline GDI engine. For example, at the 50Nm/3000rpm engine condition, REGR reduced 

the exhaust exergy at the reformer inlet from 61% to 49% of the effective engine power, 

implying that the engine operates more efficiently and the exhaust stream exhibits lower 

‘energy availability’. 

8.1.3 GDI engine performance with exhaust gas fuel reforming 

The research has confirmed that exhaust gas fuel reforming is capable of improving GDI 

engine efficiency and emissions with the demonstration of a full-scale prototype coupled with 

a multi-cylinder GDI engine.  
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Exhaust gas fuel reforming consistently increases the engine fuel efficiency due to a number 

of factors including reduced pumping work, lower engine heat losses, enhanced combustion  

(relative to EGR diluted combustion),  and reduced exhaust enthalpy. These are on top of the 

benefits provided by the reforming process, which achieves exhaust heat recovery and 

increases the fuel enthalpy. At the higher temperature reforming conditions (>650°C) engine 

fuel efficiency was increased by up to 8%, with a smaller benefit of 4% when the reformer 

temperature was lower (≈600°C). 

The fraction of gasoline processed by the reformer (of that supplied to the total system, i.e. the 

engine and reformer) varied between engine conditions up to a maximum of 21%. 

Analysis of the combustion process has shown that combustion with REGR is faster and more 

stable compared to EGR when the dilution rate is similar, but is degraded relative to the 

baseline GDI engine. The improved combustion stability with REGR allows higher dilution 

rates to be used. The results demonstrate that hydrogen can be produced by the fuel reformer 

in sufficient quantity to positively affect combustion. Experiments with the real exhaust gas 

fuel reformer confirmed the emissions trends predicted in the simulated REGR tests. 

The effect of engine down-speeding on engine and reformer performance was investigated by 

using REGR at three constant power engine conditions between 2000 and 3000rpm. The 

results indicated that in addition to the fuel efficiency benefit provided by engine down-

speeding, REGR was able to provide a consistent benefit of around 7% despite the lower 

EGTs and slightly reduced reformate quality at lower engine speed.  

REGR potential has also been demonstrated at full engine load with multiple benefits 

including knock attenuation, lower exhaust gas temperatures and superior combustion phasing 

leading to increased engine efficiency and reduced emissions. However, the peak engine 
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torque was reduced as the REGR flow rate increased due to the displacement of fresh charge 

for combustion. 

Two gas recirculation systems were compared and the results showed that a LP system offers 

higher peak load performance than a MP system due to higher exhaust mass flow through the 

turbine. However, the MP system does allow higher REGR rates to be used that result in a 

larger efficiency increase, attributed to increasingly advanced combustion phasing and higher 

reformed fuel fraction, although at the expense of reduced peak engine torque. This could be 

addressed in future development with alterations to the pressure charging system in order to 

raise the intake manifold pressure while using REGR, increase the fresh charge mass and 

restore the peak engine torque to some degree. 

The application of various gas recirculation system configurations throughout the 

experimental research has highlighted that factors such as back pressure, turbine work 

potential, cooling requirements and maximum flow rate must be considered in future system 

design. 

8.2 Concluding remarks 

Experimental analysis of a prototype exhaust gas fuel reformer has shown that GDI engine 

exhaust conditions are favourable for fuel reforming, and can promote endothermic reforming 

reactions to increase the reformed fuel enthalpy and achieve some exhaust heat recovery. 

Ultimately this enables hydrogen to be efficiently produced by an integrated system onboard a 

vehicle, which in turn allows the engine to be operated in a more efficient manner. 

Exhaust gas fuel reforming therefore shows good potential as a future technology to improve 

the thermal efficiency and emissions performance of GDI engines. In particular it is effective 

for reducing fuel consumption during sustained mid-load operation (e.g. motorway driving), 
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and may also be expected to perform well for ‘real-world’ operation in the cases where torque 

demand may be higher than is required by regulated drive cycles. 

The outlook for exhaust gas fuel reforming may be improved should the trend for engine 

downsizing continue. By placing a higher demand on the engine by downsizing, there is a 

shift to higher engine IMEPs for a given road load. The mean exhaust temperature will be 

increased as a result.  

The ability to achieve or exceed the benefits presented in this thesis with a vehicle integrated 

system will be greatly influenced by how the engine management is optimised. Away from 

the engine test bench and under transient conditions the instantaneous reformate composition 

will vary significantly, with implications for providing suitable engine control.  

It would be advantageous to provide the engine management system with a means for 

assessing the instantaneous reformate or charge composition, allowing for more accurate 

prediction of in-cylinder fuelling requirements. This would enable relevant engine control 

parameters, such as fuel injector settings and ignition timing, to be modified as necessary, 

helping to ensure appropriate AFRs and combustion phasing, which ultimately determine the 

engine efficiency and emissions performance. The requirement for a robust calibration that 

will ensure safe engine operation under all conditions may reduce the fuel efficiency benefit 

to some degree. 

There is much work still required to develop an exhaust gas fuel reformer system with 

production feasibility. If future development of the exhaust gas fuel reformer is to be 

successful it will be necessary to: 

- Improve low temperature catalyst performance to ensure effective reformer operation 

across more of the ‘normal’ engine operating range 
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- Ensure that the engine is able to correctly modulate fuelling while there is a 

continuous and potentially significant variation in the energy content of the raw charge 

with REGR 

- Generate a robust calibration for transient engine and reformer operation, which may 

require the development of predictive models or sensors to feedback on instantaneous 

reformer performance 

- Develop diagnostics capability 

- Ensure acceptable warm-up and ‘switch-on’ time for adequate drive-cycle 

performance 

- Justify the requirement for additional precious metals with regards to increased cost 

and supply chain security 

- Ensure stability of catalytic performance with sufficient durability for the lifetime of 

the vehicle, avoiding the various mechanisms that may cause catalyst poisoning or 

deactivation 

- Navigate the reliability, safety and emissions implications of injecting fuel directly 

into the exhaust system 

- Design intricate exhaust system and reformer components to withstand the thermally 

stressed and highly corrosive environment with acceptable mass and heat transfer 

characteristics 

- Overcome the inclusion of non-compatible technologies in existing or future engine 

architectures (e.g. water-cooled IEM) 

- Develop an effective system with a viable production cost 
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8.3 Future work 

8.3.1 Effect of oxygen concentration in the reformer feed gas 

In this work the reformer feed gas oxygen concentration was fixed at between 0.5 - 0.6%, 

which was determined by the engine-out exhaust gas composition associated with 

stoichiometric combustion. Increasing the oxygen concentration in the reformer feed gas 

would result in higher local catalyst temperature due to fuel being consumed in exothermic 

oxidation reactions. This should increase the hydrogen yield, although at the expense of the 

reforming process efficiency. This approach may be especially useful when the exhaust 

temperature is insufficient to promote endothermic reforming, e.g. at low engine load, but 

supplying hydrogen for combustion would be beneficial to engine operation. 

In practise, more oxygen could be supplied to the reformer by operating the engine with a 

slightly lean AFR. Additionally this may improve the engine’s combustion efficiency. Higher 

NOX emissions normally associated with slightly lean AFRs would be avoided due to the 

REGR dilution effect. Another option would be injecting air directly into the reformer feed 

gas. 

Conversely, reducing the oxygen concentration would result in less fuel oxidation, potentially 

increasing the reforming process efficiency providing the process temperature was 

sufficiently high. The elimination of oxygen from the reformer feed gas may be achieved by 

extracting exhaust gas from after the TWC. 

The investigation should aim to determine whether a small amount of oxygen stimulates 

reforming or unnecessarily consumes fuel, and whether this is dependent on the engine 

condition and exhaust temperature. 
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8.3.2 Increasing the REGR rate 

During the research certain engine conditions were identified that could feasibly accept higher 

REGR rates, with potential further benefits to engine efficiency and emissions; however, this 

could not always be achieved due to flow limitations of the gas recirculation system. This was 

generally experienced at moderate engine load conditions when combustion is inherently 

more stable and there is a smaller manifold pressure differential than at lower load. Therefore 

the use of higher REGR rates warrants further investigation. This could be achieved by a 

variety of methods, which may include: 

- Re-designing the gas recirculation system to reduce the pressure drop and increase the 

maximum flow rate 

- Using an EGR/REGR pump, which have been proposed for diesel EGR systems [123] 

- Simultaneous delivery of REGR to the intake system before and after the compressor 

by using a combined HP/MP or HP/LP configuration 

Higher overall charge dilution could also be achieved with the use of REGR in combination 

with conventional, external EGR. This approach would enable the charge dilution rate to be 

increased without increasing the reformer flow rate, and might also employ a split HP/MP/LP 

system. Alternatively, a similar result could be achieved by combining REGR with higher 

internal EGR via tuning of the VCT settings. 

8.3.3 Ignition system 

In these tests the engine used the standard ignition system and spark plug. High energy and 

continuous discharge ignition systems are able to increase EGR dilution tolerance [57, 124]. 

This technology could be expected to translate to increasing REGR tolerance, particularly at 

low engine load when the deterioration of combustion stability limits the REGR rate. The 
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application of advanced ignition systems to the REGR case could improve combustion 

performance and yield further engine efficiency improvements. More simply, the effect of 

spark plug specification and electrode gap on ignition quality, combustion stability and 

dilution tolerance could be investigated. 

8.3.4 Split fuel injection strategy 

Fuel delivery in the base engine is achieved with single-pulse DI to generate a homogeneous 

charge mixture. This approach was maintained throughout the experimental work, with the 

exception of using some gaseous fuel (hydrogen/CO/reformate) to replace a fraction of the DI 

gasoline. Utilising split injection to generate a partially stratified charge has been shown to 

benefit combustion stability and fuel economy with an EGR diluted charge [29], and may be 

expected to enhance REGR tolerance at low engine load. The multi-cylinder GDI engine used 

side mounted solenoid injectors for the air-guided combustion system. A spray-guided 

combustion system with centrally mounted piezo-electric injector may be better suited to 

exploiting the benefits of split injection due to the requirement for short injection duration and 

fuel placement close to the spark plug. 

8.3.5 Exhaust gas fuel reformer design 

In any future development of the fuel reformer it would be constructive to consider: 

- The optimum reformer location and packaging to maximise the exhaust temperature at 

the reformer inlet 

- Analysing the reformer catalyst/exhaust stream interface, perhaps with computational 

methods, in order to maximise heat transfer from the exhaust stream 

- Reducing the thermal mass to minimise the warm-up time 
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- The effect of exhaust flow path on reformer temperature distribution and heat 

exchange, perhaps comparing a multi-pass configuration to the single-pass 

arrangement of the current design 

- Increasing the reformer feed gas heating after fuel injection to maximise the gas 

temperature before entering the reformer in order to raise the catalytic process 

temperature 
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 APPENDIX 1: DATA ACQUISITION CHANNELS 

1
 Dynamometer and engine control (10Hz) 

 
2
 ECU parameters (10Hz) 

 
Engine speed rpm 

  
Engine speed rpm 

 
Engine load Nm 

  
Throttle plate position % 

 
Engine coolant temperature °C 

  
Throttle pedal position % 

 
Charge air temp °C 

  
IVO timing °aTDC 

 
Oil temperature °C 

  
EVC timing °aTDC 

 
Temp - Intake Manifold °C 

  
Waste-gate duty cycle % 

 
Exhaust temperature (Pre-turbo) °C 

  
Start of injection timing °bTDC 

 
Exhaust temperature (Pre-TWC) °C 

  
Injection duration ms 

 
Exhaust temperature (Post-TWC) °C 

  
Ignition advance °bTDC 

 
Intake air temperature °C 

  
Ignition dwell ms 

 
EGR temperature °C 

  
Engine temperature °C 

 
Fuel temperature °C 

  
Oil temperature °C 

 
Fuel Mass Flow kg/h 

  
Charge air temperature °C 

 
Ambient Pressure bar 

  
Fuel temperature °C 

     
Charge Air pressure mbar 

LabVIEW data acquisition 
   

Oil Pressure MPa 

 
2
 High speed - 0.5° CA 

   
Fuel Pressure MPa 

 
Cylinder pressure bar 

  
Mass air flow kg/h 

 
Intake port pressure °C 

  
Oxygen sensor (HEGO) V 

 
Exhaust pressure (Pre-turbo) °C 

    

 
Exhaust pressure (Pre-TWC) °C 

 
3
 Thermocouple amplifier (1Hz) 

 
Exhaust pressure (Post-TWC) °C 

  
Reformer temperature (x13) °C 

     
Exhaust stream (x2) °C 

 
3 
Low speed (5Hz) 

   
EGR cooling water temperature °C 

 
Exhaust CO (High) % 

    

 
Exhaust CO (Low) ppm 

 
3
 FTIR gas analyser (1Hz) 

 
Exhaust CO2 % 

  
Reformate CH4 ppm 

 
Exhaust O2 % 

  
Reformate  CO % 

 
Exhaust THC ppm 

  
Reformate CO2 % 

 
Exhaust NOx ppm 

  
Reformate H2O % 

 
Exhaust NO ppm 

  
Reformate Ammonia ppm 

 
Intake CO2 % 

  
Reformate Toluene ppm 

 
Relative Humidity (Ambient) % 

    

       

 
3
 EGR and Reformer settings (1Hz) 

    

 
EGR valve position % 

    

 
Reformer injector duration ms 

    

 
Reformer injector frequency Hz 

    

 
Data channels acquired by 1 CADET PC, 2 DAQ PC1 and 3 DAQ PC2 
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APPENDIX 2: INSTRUMENTATION MEASUREMENT ACCURACY 

Instrument Range  Accuracy 

Rheonik RM015 fuel flow meter 0 to 20 kg/h ±0.12% 

Dynamometer load cell 0 to 1000N ±0.05% FS 

AVL GM12D pressure transducer 0 to 200bar ±0.3% FS 

Variohm EPT3100 pressure transducer 0 to 4bar (absolute) ±0.5% 

TSI Model 3775 CPC (SMPS) 0 to 10
7
 particles/cm

3 
±10% < 5x10

4
 particles/cm

3
 

±20% < 10
7
 particles/cm

3
 

Horiba MEXA 7100 D-EGR   

CO 0 to 12% vol ±1% FS  

CO2 0 to 20% vol ±1% FS 

THC 0 to 50000ppm C1 ±1% FS 

O2 0 to 25% vol ±1.5% FS 

NO/NOX 0 to 10000ppm ±1% FS 
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