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Abstract 

Internal combustion engines substantially lose fuel energy in the form of heat without 

contributing to the vehicleôs propulsion. About a third of this waste energy gets released from 

the exhaust pipeline. Catalysts recover this unused heat for their essential function to curb 

emissions; however, a fuel reformer catalyst can take it further. An onboard fuel reformer 

makes hydrogen and carbon monoxide, known as syngas. The syngas and primary fuel 

increases fuel heating value and modify combustion characteristics towards low emissions.  

This study numerically investigates catalyst design impacts on its efficiency. The primary goal 

of this research is to achieve a higher hydrogen yield without altering the catalyst dimensions. 

Structural changes such as cell height, catalyst segmentation, and passive passages remarkably 

affect catalyst efficiency. Meanwhile, key catalyst characteristics such as flow uniformity, 

pressure drop, light-off, and residence time remain under consideration during these variations.  

For this purpose, after verifying the simulation against an experimental study, a successful 

channel height reduction is achieved by employing metal foam as a support structure 

(protrusion). Usually, the catalyst cell wall contains a reacting material layer. Putting this layer 

on the protrusion and elevating it to the middle of the cell height increases the hydrogen mass 

fraction (H2 mf) by more than fifty per cent. The nearby fluid temperature for this pattern is 60 

K higher than the conventional design, which is the primary reason for the higher yield. This 

modification also enables channel height variation without changing the cell height or shape. 

The channel is then divided into inert and catalytic portions. This segmentation allows the 

reactants to regain heat after passing over these inactive isothermal parts. Thus, fluid mixing 

and higher temperature increase the reaction rate before reactants reach the next catalyst 

section. The length of these patterns is carefully kept equal to the reference design. As a result 

of these modifications, the hydrogen mf increases 11% further. 

Transverse flow channels permit inter-channel heat and mass transfer. The location and number 

of these passive passages need further investigation. Metal foam existence at these paths can 

direct fluid flow by varying the foam properties. Directional porosity and permeability mainly 

affect the flow pattern. In addition, metal foam presence at these perforations enhances the 

neighbouring gas temperature by 20 K and the hydrogen production by 15%.  

Overall, numerical calculations show that compared to the conventional structure, cell height 

and segmentation can increase H2 mf by 50-80%, whereas passive passages increase it by 15%.  
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Nomenclature 

Symbols 

A  Pre-exponential factor, Area 

a  Temperature-dependent Seebeck coefficient 

CO2  Carbon dioxide 

cc  Cubic centimetre 

CH4  Methane 

CH4P  Methane partial pressure 

cpsi  Cells per square inch 

Cp  Specific heat capacity  

CO  Carbon monoxide 

D  Diffusion coefficient, Down 

D  Binary diffusion coefficient 

d  Diameter 

Dc  Darcy coefficient 

E  Activation energy 

eta  Porosity 

f  Contraction/expansion factor 

F1  Cumulative factor of variables at local conditions 

H2  Hydrogen 

h  Protuberance height 

H  Channel height, enthalpy 

H  Hole, High 

H2OP  Water partial pressure 

ht  Heat transfer coefficient 
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iad  Interfacial area density 

I  Iso 

K1 and K2 Linear and quadratic combined constants 

L  Length 

loss  Resistance loss coefficient 

M  Molar mass 

Mod  Modified 

ά  Mass flow rate 

Ni  Nickel 

NOx  Nitrous oxides 

P  Pressure 

perm  Permeability 

PD  Pressure drop 

ppmC  Parts per million carbon percentage 

ppm  Parts per million 

Pt  Platinum 

R  Resistance, region 

Rh  Rhodium 

rate  Volumetric reaction rate 

Rate  Surface reaction rate 

Re  Reynolds number 

SO2  Sulphur dioxide 

S/C  Steam to carbon ratio 

SS  Steady-state 

T  Temperature 

T  Transient 
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U  Up 

V  Voltage 

u and v  Horizontal and vertical components of velocity 

w  Mass fraction 

W  Wall, Watt  

x and y  Horizontal and vertical axes 

Z  Figure of merit 

Abbreviations 

ATR  Autothermal reforming 

CCC  Close-coupled catalyst 

CHP  Combined heat and power  

CI  Compression ignition 

CPHE  Catalytic plate type heat exchanger 

DPF  Diesel particulate filter 

DOC  Diesel oxidation catalyst 

EGR  Exhaust gas recirculation 

EU  European Union 

FC  Fuel cell 

FR  Fuel reformer 

GHG  Greenhouse gas 

GSA  Geometric surface area 

HC  Hydrocarbon 

IC  Internal combustion 

LNT  Lean NOx trap 

MF  Metal foam 

mf  Mass fraction 
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NEDC  New European Driving Cycle 

NPL  Non-patent literature 

OFA  Open frontal area 

OPEC  The Organization of the Petroleum Exporting Countries 

ORC  Organic Rankine cycle 

PAHs  Polycyclic aromatic hydrocarbons  

PM  Particulate matter 

POX  Partial oxidation 

RC  Rankine cycle 

REGR  Reformate exhaust gas recirculation 

RG  Reformer gas or syngas 

SC  Streamwise coefficient 

SI  Spark ignition 

SD  Standard deviation 

SMR  Steam methane reforming 

TC  Turbo compound 

TCT  Technology cycle time 

TEG  Thermoelectric generator 

WGS  Water Gas Shift 

WHR  Waste heat recovery 

Subscripts 

avg  Average 

f  Fluid 

h  Hydraulic 

 i   P or N-type semiconductor, Gas species, Channel number 

in  Inlet 
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max  Maximum 

min  Minimum 

out  Outlet 

p  Pore 

s  Superficial, solid 

s  Strut 

Superscripts 

a and b  Exponential constant for methane and water 

Greek letters 

ɚ  Thermal conductivity, stoichiometric air to fuel ratio  

ɔ  Flow uniformity 

ɓ  Mass transfer coefficient 

Ůò and Ůô Stoichiometric coefficient of reactants and products 

ɟ  Density 

ȹ  Change in 
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 Introduction 

This chapter introduces the importance of fossil fuels for the transport and power industries. 

However, emissions produced from these sectors contribute to global warming and are 

hazardous to human life. These concerns emphasise the need for energy recovery and emission 

reduction. 

 Context 

Fossil fuels are widely used in our day-to-day life, releasing carbon dioxide (CO2), sulphur 

dioxide (SO2) and many other greenhouse gases (GHGs).  These pollutants may contribute to 

global warming, and frequent exposure of some species, e.g. benzene and toluene, causes 

severe health concerns. Carbon dioxide is the primary combustion pollutant and is regulated 

by the carbon cycle. Plants absorb atmospheric CO2 during photosynthesis. Rain also brings 

down CO2, which gets released into the atmosphere or ultimately reaches oceans and is 

absorbed by living organisms such as seashells. However, heavy dependence on fossil fuels is 

disturbing this flux (Pastore, 2010).  

Table 1-1: Each pollutant species contribution to global emission from the transport sector 

(Goldemberg, 2008) 

Pollutants 
Transport sector contribution 

to global emission 

Hydrocarbons (HCs) 50% 

Carbon monoxide (CO) 70% 

Carbon dioxide (CO2) 19% 

Nitrous oxides (NOx) 40% 

Benzene 80% 

Table 1-1 shows the transport sector individual species contribution to global pollutants 

emission. For example, yearly worldwide CO2 emissions are nearly 23 billion tonnes (Lewis 

et al., 2005), and 19% come from the transportation industry alone (Goldemberg, 2008). In 

addition, CO2 is the main contributor to global GHG emission, contributing 80% of the total 
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(Leung et al., 2018). Over time these pollutants can cause serious health problems besides 

breathing problems and irritation to the eyes and nostrils.  

 

Figure 1-1: a) Oil production vs oil discoveries 2009-2018 (OPEC, 2019) b) proven global oil 

reserves (units are in billion barrels) (OPEC, 2018) 

The second issue is the finite nature of the fuels reserves. Oil discoveries are regular, but the 

earth resources are limited (Figure 1-1). From 2009-2018, 113.8 billion barrels of oil was 

produced by OPEC (The Organization of the Petroleum Exporting Countries) nations. 

Meanwhile, new reserves of 186.2 billion barrels are found (OPEC, 2019). According to OPEC 

own estimation, the proven remaining global reserves are 1498 billion barrels (OPEC, 2018).  

 Transport sector emissions 

About 23% of the worldôs emission comes from transport vehicles across the globe. The global 

car sale crosses a 100 million figure in 2020 (Figure 1-2). The COVID-19 pandemic has 

reduced this number from the previous year, but a massive sale still adds to the persistent 

emission problem. Annual GHGs emitted by US highway vehicles account for 1.36 billion 

tonnes (Brady and Fath, 2009). Similarly, in the EU (European Union), light vehicles produce 

14.5% of total CO2 emissions (European Parliament and Council of the European Union, 

2020). Each litre of burnt gasoline almost creates 2 kilograms of CO2. That is roughly 4.5 to 8 

tonnes of CO2 each year for an average vehicle usage (Pacala and Socolow, 2004). 

 Emission laws 

Every developed country is making emissions laws stricter than ever. European Union 

Parliament passed a regulation 2019/631, which adds a 95 g CO2/km target figure for 2020-

2024 for all the new registered cars. The EU is looking for an additional CO2 emission reduction 

of 15% from 2025 and a later 37.5% further improvement after 2030 (European Parliament and 
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308.2
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Council of the European Union, 2020). The United States set the same emission target of 95 g, 

but the implementation is delayed until 2025. Overall it is a global trend, and all the 

governments worldwide are working to control carbon dioxide emission (Arnaud et al., 2014).  

Failure to meet the EU target means penalties by the respective governments. For example, 

until 2018, the penalty for exceeding the limit by one gram was 5 ú. However, the EU modified 

the law and set a new limit of 95 euros for every excessive gram of CO2 in 2019. The new rule 

compels the manufacturer to reduce the CO2 emissions in one way or another, which may 

increase the sale price.  

 

 Figure 1-2:  Number of vehicles produced around the world in 2019/2020 (Q1 = 1st quarter) 

(2020 Statistics, 2020) 

 Global warming 

Carbon dioxide is part of the combustion product. CO2 absorbs the large wavelength of infrared 

light radiated back from the earth surface, acting as a greenhouse cover in the atmosphere. This 

containment of heat causes global warming. Recovering waste energy by any suitable device 

will improve fuel consumption, resulting in lower greenhouse gas emissions such as CO2 and 

sulphur dioxide. Sulphur exists as a chemical compound in fuel (gasoline, diesel) and 

lubricants. During engine combustion, sulphur forms SO2, which then becomes part of the 

atmosphere (Hoshino et al., 2015). 

 Clean energy options 

In 2005, the annual global energy need was 13 terawatts (TW) or 4.1×1020 J. Every country 

needs power sources for its economic growth. By 2100, the world with new emerging 
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economies and a growing population will require an energy demand of around 46 TW (Lewis 

et al., 2005). 

All the sectors in society need energy, such as industries, commercial centres and houses. 

However, a majority of these depend on fossil fuels to meet their energy demand. For example, 

road vehicles heavily depend on oil for transportation, whereas public homes and commercial 

centres need electricity and gas for routine operations. In addition, most power plants use fossil 

fuels for electricity generation. Hence, securing energy sources is a foremost challenge for 

every country to maintain its quality of life. Energy security is a term defined as ña reliable and 

adequate supply of energy at reasonable pricesò (Bielecki, 2002) (IEA, 2019). 

Solar radiation is the primary source of energy on Earth. It drives air and ocean currents and is 

essential to animal and plant life. The total value of some clean energy sources is not suitable 

to sustain global demand. For instance, ocean tides at any moment contain approximately a 

total of 2 TW of energy. Even maximum extractable wind power can only serve 1/10th of the 

world requirements. Similarly, according to United Nations estimates, the remaining global 

hydrostatic potential is negligible (0.5 TW). Hence, fossil fuels still fulfil the global power 

demand gap. 

Annual calculated solar radiation on the earth surface is around 120 thousand TW. Just by 

covering 0.16% of the earth surface with 10% efficient solar cells can generate 20 TW of 

power. The main issue with solar cells is their cost. To replace our electricity demand, it is 5-

10 times expensive than fossil fuels derived plants and can be 50 times more costly than fossil 

fuels as a primary energy source (Lewis et al., 2005). 

 Fossil fuel dependence 

Though the oil demand declined in 2020 due to the global COVID-19 pandemic (IEA, 2020), 

oil and gas will remain significant fuels for the transport sector. A 2015 Internationa Energy 

Agency (IEA) report, ñKey World Energy Statistics 2015ò, shows that the transport sectorôs 

oil consumption is close to 93% (IEA, 2015). 
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Table 1-2: Electric power plants feed percentage for electricity generation in 2005 

(Bhattacharyya, 2009) 

Country  Coal Natural gas Oil  Nuclear Others 

UK 40.6 36.7 - 19.8 2.9 

Germany 43.5 11.0 1.7 26.3 17.5 

Italy  14.4 49.2 15.5 0 20.9 

Spain 25.0 26.9 8.3 19.6 20.2 

The Netherlands 23.5 57.7 2.3 4.0 12.5 

Despite advancements in solar panels, nuclear power plants and wind turbine systems, even 

western countries rely heavily on fossil fuels imports for their electricity generation. These 

fuels include coal, oil and gas. Hence, electric vehicles would still add carbon emissions by 

using electricity from these power plants. Oil and gas prices are vulnerable to market and 

political situations, so a constant consumer price is hard to maintain. The price fluctuation also 

affects electricity cost. Overall, fossil fuel price affects inflation, import budget, and political 

security. Spain power plants (Table 1-2) have higher reliability due to their diversified 

resources (oil, gas, coal), but it requires a very active supply chain management 

(Bhattacharyya, 2009). 

 Emission effects on human health 

A 1997 study found that truck drivers are more susceptible to lung cancer than taxi drivers 

(considering drivers smoking habits in the survey). The primary reason was more probable 

exposure to polycyclic aromatic hydrocarbons (PAHs), such as benzene. Benzene is part of 

fossil fuel present in diesel engine exhaust, diesel oil, lubes or any other heavy fuel such as 

kerosene, naphthalene, tar and so forth. These heavy hydrocarbons are also responsible for skin 

and bladder cancer. For example, frequent exposure to environments containing up to 1 µg of 

benzene per cubic meter of air is considered risky for cancer (Boffetta, Jourenkova and 

Gustavsson, 1997). In addition, benzene causes blood poisoning and is cancerous to both 

animals and humans (Lindstrom, A B., S. Waidyanatha, K. YeowellOôConnell, 1999). 
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Harmful hydrocarbon (HC) emissions are not only related to compression ignition (CI) engines 

but also to spark ignition (SI). An experimental study of an SI engine operating at 

stoichiometric conditions shows that commercial fuel combustion produces all hydrocarbon 

emissions. The engine exhaust contains methane, ethylene, acetylene, benzene, toluene and 

other pollutants. Toluene and benzene constitute a large proportion of exhaust in part per 

million of carbon percentage (ppmC). Another concern is that these pollutants share increases 

if their precursors in the fuel increase, such as ethylene formation from octane fuel (Zervas, 

Montagne and Lahaye, 2004). 

Naphthalene is another pollutant that is toxic when inhaled or orally taken. It also falls in the 

PAHs family and is water-soluble (Judith Olsen, 1984). Heavier carbon compounds burning, 

e.g. coal, wood, heavy oil, tar, etc., produce naphthalene. Road transport emissions, stubble, 

fireworks and coal burning are the primary reasons for PAHs release in cities (Yuan et al., 

2010). 

 Motivation 

Heat is a substantial source of internal combustion (IC) engine waste energy. Fuel and oxidiser 

are burnt in the combustion chamber, releasing combustion gases at high temperature and 

pressure. The engine work is done by expanding gases to drive the crankshaft that propels the 

wheels through the various linkages and gears.  

 

Figure 1-3: Working of 4-Stroke (the Otto cycle) diesel engine (Mechanic, 2011) 

Nearly 65% to 70% of fuel energy (enthalpy) input to an IC engine is wasted (Bari, 2017) 

(Stobart, Wijewardane and Allen, 2017). The high inefficiency means recovering any waste 

energy would significantly improve the fuel economy and reduce exhaust emissions. The 

vehicle dissipates energy in radiation, heat and various friction losses. Some unused energy is 

recoverable, such as the braking energy by the regenerative braking system. Similarly, Rankine 

cycle (RC), turbo-compound (TC), fuel reformer (FR), thermoelectric generator (TEG), and 

fuel cells (FC) can recover heat energy. 
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Using TC, RC or TEG, up to 3-10% of the exhaust heat is recoverable (Arnaud et al., 2014). 

This improvement can increase the overall efficiency of the IC engine from 30 to 40%. 

Therefore, recovering any waste energy reduces fuel consumption, thus carbon dioxide 

emissions and oil imports. Still, heat recovery will not limit other harmful emissions. 
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Figure 1-4: Energy flow of a gasoline engine vehicle (Bari, 2017) (Stobart, Wijewardane and 

Allen, 2017)  

 Scope of the project 

Waste heat recovery is not the ultimate goal though it can reduce CO2 emissions to meet the 

EU laws (see section 1.3). However, other harmful emissions (unburnt hydrocarbon, NOx, etc.) 

need different treatment and strategies. Hydrogen can increase fuel heating value to increase 

fuel economy and oxidise harmful emissions to neutral chemical compounds. Therefore, its 

addition to the fuel mixture can serve both purposes (more details are in section 2.6). 

 Waste heat recovery  

The slow development of clean energy technologies and the inability to give the same 

performance as an internal combustion engine means that the IC engine will  last until the end 

of the 21st century (Faber and Frenken, 2009). The fuel share lost to the coolant and exhaust 

system is nearly the same, but the coolant temperature is not high enough to be utilised by a 

recovery device. So the exhaust gas is the most suitable candidate from the above owing to its 

higher temperature, around 775 K (Wang et al., 2011) and higher share in waste energy (Figure 

1-4). A typical SI engine exhaust temperature varies according to the stoichiometric air to fuel 

(ɚ) ratio. The ɚ varies from 1.1 to 0.9, and similarly, the exhaust temperature ranges from 825ï
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975 K (Leung et al., 2018). A typical heavy-duty CI engine exhaust temperature varies from 

775 K to 975 K (Bari, 2017).  

 Emission reduction 

Replacing the IC engine with a better power unit such as a hydrogen fuel cell can be promising 

due to its 40-60% efficiency. This value may exceed 90% if the waste heat from the FC is 

utilised. A hydrogen fuel cell is also nearly pollution-free, releasing water as the main emission 

besides some NOx. Though FCôs NOx emission is 1/200th of a typical diesel engine, and mainly 

occurs if the peak temperature is not limited (Balat, 2008). 

 Hydrogen merits 

Its main advantage is that it is nearly pollution-free. In air-assisted hydrogen combustion, if the 

temperature exceeds 2300 K, then nitrous oxides are formed. Using it as part of fuel in IC 

engines increases the mixtureôs flammability limit and burning speed. Due to its lower density 

(0.09 kg/m3), it has 2.7 times more specific energy (120 kJ/g, lower heating value LHV) than 

gasoline (44 kJ/g). However, hydrogen is carried in gas, so heating per unit volume is lower 

than liquid fuel like gasoline (720-780 kg/m3) (Balat, 2008). For instance, 270 litres of 

hydrogen (15.4 kg) tank stores the same amount of energy as a 68 litres tank of gasoline fuel 

(41 kg) (Demirbaĸ, 2005). Moreover, the pumping power to transport hydrogen is 4.5 times 

higher than natural gas at standard conditions due to its lower density (Pastore, 2010). 

There is a potential to produce 36 million tonnes of hydrogen per year by incorporating nuclear 

and renewable power plants performing electrolysis and fossil fuels reforming. Today, the 

cheapest way to produce hydrogen is through steam methane reforming (SMR) (1.5 to 3.5 

$/kg), as electrolysis is only economical if electricity is more affordable. Most of the hydrogen 

comes from fossil fuels (96%), and the most common method is SMR (48%) (Balat, 2008). 

 Hydrogen economy 

Hydrogen (H2) is an energy carrier because it is not widely available as a free element but in a 

compound like water. So its extraction process consumes energy such as water electrolysis or 

petroleum reforming. That is why the fuel term is not sometimes associated with hydrogen 

(Pastore, 2010) but an energy carrier or secondary form of energy (Balat, 2008). So hydrogen 

economy means procuring methods of replacing fossil fuel with hydrogen.  

Storing onboard hydrogen in a vehicle is another big problem. Due to its low density, a 

compressed hydrogen solution will reduce the vehicle range, whereas carrying it as metal 
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hydrides will increase the weight. Therefore, mainly it is stored as a compressed gas in a 

transport vehicle and as a liquid at storage sites (Pastore, 2010).  

   Onboard hydrogen production 

Replacing conventional fuel with hydrogen is not feasible due to the requirement of a massive 

network of production and supply plants (Singh, Singh and Gautam, 2020). Conversely, a 2005 

study gives a realistic estimate that by 2040, widespread fuel cell vehicles can replace 

conventional cars. Moreover, considering FC efficiency to be 2.5 times more than the 

traditional IC engines, hydrogen-powered cars can reduce overall oil consumption. For 

instance, to replace 6.68 billion barrels of oil, annual production of 136 million tonnes of 

hydrogen is needed (Armor, 2005). 

Hence, an onboard hydrogen generation device that can recover heat to produce hydrogen is 

the most suitable way. Further, hydrogen utilisation can curb emissions and partially increase 

the fuel heating value, thus improving vehicle efficiency. Similarly, a household FC can aid 

fuel saving by providing both heat and electricity. 

In summary, a fuel cell integrated with a fuel reformer can recover heat, increase the fuel 

heating value and reduce harmful emissions (see section 2.6.2) from an IC engine automobile 

(Leung et al., 2018) (Hoshino et al., 2015).  
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H2O + CH4Reformer
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Figure 1-5: A simple description of integrated fuel reformer with solid oxide fuel cell (Settar, 

Lebaal and Abboudi, 2018)  b) a fuel reformer monolith under test in a lab (Irani et al., 2011) 

   Thesis organisation 

The introduction chapter highlights the importance of waste heat recovery (WHR) and 

emission reduction. Next, this study explains stringent emission laws and associated penalties, 

a b 

Single 

channel 
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global warming, and pollutantsô effect on human health. Finally, the discussion favours 

onboard hydrogen power units for low emission and as WHR devices. 

A short review of some of the heat recovery devices comes after that also explains the selection 

process. The literature review further emphasises the future of hydrogen and the importance of 

fuel reforming, especially in automobiles. It also highlights that catalyst structural changes like 

cell height, catalyst segmentation, and inter-channel mass transfer enhance FR reactor 

efficiency. The conclusion of this section converges on the aims and objectives of this study. 

Reference design and some simplification incorporated in this study are explained in the 

research methodology section. It also adds the importance of parameters like flow uniformity, 

residence time, and light-off, which affect the reactorôs efficiency. Finally, based on the 

literature review and research methodology, some new designs are presented.  

After validating the simulations, next in line are parametric studies. These studies reveal 

important parameters and patterns to proceed further, such as segmentation and its possible 

configurations. Then comes some unique designs of this research, such as without changing 

the cell shape or density, the channel height is adjusted by implementing metal foam as 

protrusion. This modification brings high cell density monolith advantages to a standard cell 

shape. Overall, it improves the hydrogen yield of the reformer. 

Lastly, transient simulation reveals that velocity and other parameters quickly homogenise in 

the catalyst volume after adding metal foam at the locations of the passive passages. These 

factors are responsible for higher catalytic activity. Also, metal foam can act as a flow guide to 

transfer heat and mass to adjacent channels as desired. A 3D model further endorses the above 

observations. In the end, the thesis conclusion is presented with some suggestions. 

The appendix part describes some design procedures in ICEM 18.1. It shows CFX 18.1 

domains settings, CEL code, some variables treatments in the software and diagrams of tested 

models. 

   Chapter 1 summary 

Fossil fuels may not meet the ever-increasing energy demand in the next century. Also, 

emission laws can prohibit the widespread use of fossil fuels due to global warming and health 

concerns. Therefore, embracing clean and renewable energy resources is essential to meet 

future energy demand. Hydrogen can meet both the energy demand and environmental 

concerns for emissions; however, it requires a large generation and distribution network. 
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2 Literature review  

This chapter describes some highly researched WHR technologies with their advantages and 

disadvantages. Fuel reformer catalyst is finalised as a preferred method, as its benefits in 

automobiles align with the IC engine efficiency and emission problems discussed in the 

previous chapter. Three catalyst structural modifications seem to affect the FR efficiency 

significantly, and the aim is to incorporate these amendments without altering the catalyst size. 

 The dilemma of adopting a new technology 

Cutting exhaust emissions by selecting a new method does not come easy. First, there is always 

a doubt in the market response and technology itself. For example, manufacturing a low 

emission vehicle still comes with a doubt whether it can give the same performance as 

conventional IC cars. Then uncertainty rises from an economic perspective to environmental 

considerations, such as whether customers buy a low emission but expensive vehicle to protect 

the environment (Faber and Frenken, 2009). Government policies like a carbon tax on 

petroleum products or emission laws encourage cleaner energy solutions. However, strict rules 

may promote substandard greener options in the market as an alternative to IC engines. In the 

opposite direction, emissions cut by solutions like improving engine performance and catalyst 

efficiency hinder the industry direction towards clean energy powertrain (Barbieri, 2016). 

Many forms of waste energies and recovery techniques exist, such as a regenerative braking 

system, heating the passenger compartment with engine heat, and many more. In the following 

section, only highly researched devices are studied to recover heat energy.  

 Selecting the heat energy recovery devices 

The number of research papers on thermoelectric generators is steadily rising. In the first 

decade of this century, there is a sharp increase indicating researchersô interest in this 

technology. Strict emission policies and fuel prices can be part of this rise (Zheng, 2008). 
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Figure 2-1: Number of research papers per year on the thermoelectric topic (Zheng, 2008) 

In a patent landscape studied by Karvonen et al., three waste heat recovery technologies are 

narrowed down (Karvonen et al., 2016). The authors have studied the statistics of patents 

published using the term ñwaste heat recovery using combustion enginesò from 1993 to 2012. 

Next, a landscape study of patents origins, such as their organisation, history and country, is 

carried out. 

 

Figure 2-2: Percentage of patents filed by countries in waste heat recovery technology from 

1993-2012 (15755 patents) (Karvonen et al., 2016) 

Af ter that, two indicators are defined to establish the most critical technologies. The first one 

is technology cycle time (TCT) which depends on the patent cited age. It measures the 

advancement pace of technology. Then comes non-patent literature (NPL) citation, which 
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means the quality of references given in the patent. The NPL value will be higher if the 

references are of research papers, books, and other scientific findings. On the other hand, if the 

TCT value is lower, it means technology is rapidly developing. 

 

Figure 2-3: Patents files by different countries in RC and TEG system (763 patents) 

(Karvonen et al., 2016) 

The landscape study shows that most patents are filed by developed countries like Japan, the 

US and the EU. The leading companies owning patents are Mitsubishi, Toyota, Siemens and 

General Electric (Figure 2-2). 

In TEG patent filing, the distribution is even among the countries, whereas Japan share in RC 

patent is half of the other countries. Low RC shareholding means that Europe focuses on TEG 

induction as a WHR system, holding around 32 % of the patents in this field (Ger+EU). 

Table 2-1: TCT and NPL values of patents for TEG and RC (Karvonen et al., 2016) 

Technology NPL (%)  TCT 

RC 16.0 9.7 

TEG 6.7 4.9 

Then the authors calculated the TCT and NPL values of these technologies. The data is given 

in Table 2-1. It shows that TEG technology is rapidly advancing as many patents appear in a 

short period, and the reference cited in these patents are mainly non-scientific. The reason can 

be that researchers have recently shown interest in it after 2000 (Figure 2-1). Overall, TEG is 

a highly researched technology system, but it is still immature as its NPL value is very low. 
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 Technologies comparison 

There are many methods to recover exhaust gas heat, such as turbo-compound, Rankine cycle, 

thermoelectric generator, fuel reformer and many more. These technologies show several 

advantages and disadvantages in terms of cost, size, efficiency and various other factors, which 

are explained following. 

 Turbo-compound 

Turbo-compound consists of a turbine that is suitable to recover energy from hot exhaust gases. 

The gases expand in the turbine (shown in red, Figure 2-4a) and drive it. The turbine is 

connected mechanically to the engine via a gearbox (shown in green) and is called a turbo-

compound. When the turbine is connected to a compressor, the configuration is known as a 

turbocharger. If a generator replaces the compressor, it is called a turbo generator. 

 

Figure 2-4: Illustrations of a) turbo-compound, b) a three units TEG modules, c) Rankine 

cycle engine 

TC works on the principle of the kinetic energy of a fluid. So it works favourably during the 

acceleration (see Figure 2-7, orange dots) phase (high load). Turbo-compound is more suitable 

for heavy-duty vehicles.  

TC can recover energy from the exhaust system. However, its high back pressure may increase 

fuel consumption, which reduces the work done by the exhaust stroke of the engine. 

Conversely, automakers exploit this back pressure when incorporating exhaust gas 

recirculation (EGR).  Using a short route EGR system makes it easier to achieve high EGR 

rates to the engine inlet. In some cases, the EGR system is vital to reduce nitrous oxides 

emission (Greszler, 2008). As early as the 90s, some truck manufacturers installed the TC on 

the engine and achieved 5-10 % less fuel consumption, which means the turbo-compound is a 

mature technology (Arnaud et al., 2014). 

 Rankine cycle 

Rankine cycle engine (Figure 2-4c) is another commonly used technology in waste energy 

recovery. It is more like a small steam power plant. RC system consists of a heat source (e.g. 

a b 
c 
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heat from car exhaust), a suitable expander (e.g. piston, scroll or turbine), a condenser (to 

dispose of heat) and a pump to drive the working fluid. The working fluid can be water or a 

mixture of organic liquids.  

Same as the case of turbo-compound, large vehicles are suitable for RC systems. In one study, 

water is mixed with trifluoroethanol (50 % each by mole) as a working fluid for an RC. At 

peak condition, the system produced 26 kW of mechanical power (Patel, 1976). After 2000 

many studies took place installing the RC package on a car. Endo et al. designed an innovative 

evaporation device that could extract heat from the cooling system and the engine exhaust. As 

a result, the working fluid quickly reached working temperature and pressure. The axial swash 

plate expander attained 3 kW of maximum power, improving 13% thermal efficiency (vehicle 

had a constant speed of 100 km/h) (Endo et al., 2007). 

Each working fluid affects the performance drastically. For example, the water takes a lot of 

time to reach its operating temperature due to its higher heat capacity. The organic Rankine 

cycle (ORC) utilises organic fluids to overcome high heat capacity issues. These fluids include; 

iso-butane, pentane, chlorofluorocarbon, perfluorocarbon mixed with water. The organic fluids 

have a low boiling point, but these are unstable at high temperatures, flammable and may cause 

damage to ozone (Karvonen et al., 2016).  

A Rankine cycle assembly is suitable if a vehicle has a lot of space, such as trucks, buses, and 

ships. However, as working fluid needs some heat to become vapour, an RC system is 

unsuitable for a smaller engine and low loads unless it uses a low boiling point fluid mixture. 

So the ORC system is appropriate for small cars. 

 Thermoelectric generator 

The thermoelectric generator is a device that generates electric energy when a temperature 

differential acts at both ends. One significant advantage of TEG is that it is a solid-state device 

and can produce power directly from exhaust gas through the Seebeck effect. It consists of N-

type and P-type semiconductors pallets which are connected in series. Two pallets pair is called 

a unit or thermocouple (Figure 2-5). These units are further connected in series, up to a suitable 

number, to form a module (each module usually contains 30-50 units).  

Each pallet is connected to the second by an electric conductor, commonly copper. A ceramic 

insulator encloses the conductor on both hot and cold sides for insulation. The operating 

temperature determines the pallet material. Such as, it can be bismuth telluride (Bi2Te3) for 

lower, and lead telluride (PbTe) for higher temperature (Figure 2-6). The pallet consists 
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typically of a single material for a moderate temperature range (50 K). However, an optimised 

combination of different material pallets gives a maximum output (Figure 2-5). For example, 

for a temperature range of 400 to 700 K, a pallet containing bismuth and lead telluride can be 

used (Brownell and Hodes, 2014).  

The Seebeck effect is a reversible effect which means a TEG can also act as a cooler or heater 

if a current passes through the thermocouple (Peltier effect). The hot side repels the free 

electrical charges (electron for N-type and holes for P-type) towards the cold side because it 

can bear excess electrical carriers on its side. The free charges redistribute themselves under 

the temperature gradient (differential) due to thermal diffusion (Figure 2-5). At equilibrium, 

the electrostatic force balances this distribution which is a unique point for each material. The 

difference in the number of charged particles creates a potential difference between the two 

sides, and when these sides are electrically connected, the current flows (close circuit). 
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Figure 2-5: Seebeck effect illustration (Wang et al., 2011), R is resistance 
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Equation 2-1: Efficiency of the TEG unit (Pastore, 2010) 

Mathematically these effects are described as Ὠὠ ὥὨὝ where a is temperature-dependent 

Seebeck coefficient, V is voltage, i is the type (P or N), and dT is temperature differential. Most 

of the new research in TEG is related to its segment optimisation and improving the figure of 

merit (Z) either by increasing pallet electrical conductivity, reducing thermal conductivity, or 

Tcold 

Thot 
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developing a very high Seebeck coefficient material. For total thermal resistance, R1, R2, R3 

é, are added in series and similarly for total electrical resistance.  

The Z and T (ZT) product is often used as a criterion to compare different semiconductors. For 

example, Figure 2-6 shows that PbTe gives a maximum ZT value from 600 to 800 K. 

Meanwhile, Bi2Te3 provides its peak ZT value from 340 to 390 K. Therefore, Bi2Te3 alone is 

not suitable for a higher temperature region such as a gasoline engine exhaust line. Hence, a 

segmented pallet is preferable. For instance, if the hot side temperature is 800 K and the cold 

side is 375 K (Zheng, 2008).  

  

Figure 2-6: The ZT graph of two materials vs temperature (Zheng, 2008) 

TEG is not that efficient but has a longer operational life (30 years) (Lewis et al., 2005). Its 

efficiency is around 5-7% with current commercially available materials (Zhang and Zhao, 

2015). Commercially available materials have a ZT value of 1 or less, but a ZT value of 2-3 is 

required for a cost-effective TEG. 

Besides materials properties, a TEG assembly causes many irreversibilities to arise for heat 

and electrical conductance. TEG pallets have electrical losses (ὖέύὩὶ Ὅ2) due to the 

current flowing through a conductor. It is called the Thomson effect, where I is an electrical 

current, and R is conductor resistance. Moreover, ceramic insulator coverings increase the 

thermal resistance of the pallets. Adding a thermal paste between the conductor and insulator 

will further increase thermal resistance (Stobart, Wijewardane and Allen, 2017). Hence, a lot 

of research focuses on optimising pallet size, height, thermal resistance, materials and pallets 

quantity in each module (Brownell and Hodes, 2014). 
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Thermoelectric generators are suitable for all types of cars due to their modular design. Several 

studies show that it is installed on small vehicles to large trucks, producing 200 W to 1 kW of 

power (Arnaud et al., 2014). An eight modules TEG is installed 2 meters away from the engine 

in an experimental study, depicting the installation after a real car exhaust. The TEG module 

used in the experiment has a ZT value of 0.6 and can produce 13 W power for a 200 K 

temperature differential. The engine-TEG combination proposes a 7.4% fuel-saving for a bus 

with a payback time of 6 years (for this laboratory-scale TEG fabrication, 83$ are spent for 13 

W output power), and for a car, the payback time would be ten years. Lastly, the authors have 

neglected the pumping work for coolant delivery to TEG in the fuel-saving analysis (Stobart, 

Wijewardane and Allen, 2017).  

 

Figure 2-7: a) Different technologies working regimes with the speed profile of the New 

European Driving Cycle (NEDC) (Arnaud et al., 2014) 

 A short review on the studied WHR systems 

Recovering energy from an automobile improves fuel-saving and CO2 emissions, enabling a 

car to meet the EU regulation. Furthermore, the exhaust gases are most suitable for heat 

recovery due to their higher temperature (775-975 K). However, every technology has its pros 

and cons, shown in Table 2-2. Though TEG technology is an emerging candidate, it is still not 

widely adopted as RC and TC. The main reasons are its higher cost and lower efficiency. 
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Table 2-2: A comparison of these technologies summary from this chapter (Arnaud et al., 

2014) (Meda et al., 2016) (Brownell and Hodes, 2014) (Stobart, Wijewardane and Allen, 

2017) (Karvonen et al., 2016) 

 

A turbo-compound gives maximum fuel-saving, but it creates high back pressure. The back 

pressure is not included in the fuel-saving calculation (Table 2-2). Moreover, this back pressure 

can also add a burden on engine performance as exhaust gas would re-enter the combustion 

chamber at the end of the exhaust stroke. This back EGR reduces NOx but may act as a 

precursor to particulate matter (PM, fuel droplets adhered to solid particles). Also, it will reduce 

volumetric and combustion efficiency. Overall, fuel-saving is not the ultimate goal, as emission 

reduction is also important. Also, the TC can only work during the acceleration phase when 

engine exhaust pressure is higher upstream of the turbine inlet. 

                    Technology 

Parameter 

Rankine Cycle Turbo-compound TEG 

Cost $/kW medium low high 

Usage Truck Car, Truck Truck, Car 

Back Pressure medium high very low 

W/P kg/kW 8.75 6.25 20.4 

Net fuel-saving 3-10% 5-10% 0.5-2% 

Challenges size & weight, 

working fluid 

back pressure module efficiency, 

low power, high cost 

Advantages commercialised compact size, 

commercialised, 

high output 

silent, life 100k hrs, 

operate in all phases 

of NEDC, non-toxic 

materials, variable 

array size, orientation 

free 
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For the Rankine cycle system, the major drawback is the size of the system. The evaporator 

needs a high heat source like a truck exhaust line. The condenser must expel heat from the 

working fluid, culminating in an oversized heat exchanger and more pumping load for the 

pump. Besides that, the expander type varies like volumetric expanders are more suitable for 

small RC systems. The RC system is active 64% time of the NEDC (New European Driving 

Cycle) run. 

The most significant advantage of TEG is its durability and silent operation. Due to the lack of 

moving parts, it is nearly maintenance-free. It works during the entire NEDC time, but the 

power output is insufficient. Temperature dependence means TEG is independent of the 

exhaust mass flow rate. A significant disadvantage of TEG is the initial cost because of the low 

weight to power ratio (W/P) and efficiency. Unless there is a widely available commercial 

material with a ZT value higher than 2, TEG is only suitable for special remote applications. 

Due to higher reliability, its usage includes distant applications like faraway radio towers, space 

probes, etc. According to the size of the exhaust, a user can adjust the number of modules, so 

this system gives the flexibility of installation from small cars to large vehicles (Arnaud et al., 

2014) (Meda et al., 2016) (Brownell and Hodes, 2014) (Stobart, Wijewardane and Allen, 2017) 

(Karvonen et al., 2016). 

 Fuel reforming processes 

The fuel reformer offers several advantages besides capturing waste heat from an automobile. 

Two of its products include hydrogen and carbon monoxide, known as reformer gas (RG) or 

syngas. The details are in the following sections, but in short, the RG increases fuel heating 

value and chemically reduces pollutant emissions. Hence, fuel reforming is selected as a 

suitable candidate for a WHR system.  

 The steam reforming  

This process is widely used to obtain hydrogen from hydrocarbon fuel (Balat, 2008). The main 

products of this process are hydrogen, carbon monoxide, besides other products such as carbon, 

CO2, and other intermediate radicals. The following equations can describe steam methane 

reforming and Water Gas Shift (WGS). Here methane is used as a fuel and water as the 

oxidising agent (Settar et al., 2018). 
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Steam methane reforming ὅὌ ὌὕᴼσὌ ὅὕ ЎὌ  ςπφ Ë*ȾÍÏÌ 

Water Gas Shift ὅὕ ὌὕᴼὌ ὅὕ ЎὌ τρ Ë*ȾÍÏÌ 

net chemical reaction ὅὌ ςὌὕᴼτὌ ὅὕ ЎὌ  ρφυ Ë*ȾÍÏÌ   

Table 2-3: SMR, WGS and net chemical reaction (Settar et al., 2018) 

There are several more sub reactions taking place. For instance, Xu (Xu and Froment, 1989) 

presented eleven possible reactions during SMR and concluded that the above three could full y 

describe SMR. In this study, for simplicity, only reaction (a) is considered. The steam to carbon 

ratio (S/C) is usually kept at 3 to avoid carbon formation on the catalyst site (Yun et al., 2018). 

Carbon formation can completely cover the catalytic material (reacting material), prohibiting 

reactants from reaching the catalyst (fouling, Figure 2-8). In addition, carbon can act as an 

inhibitor and cease some processes such as water activation in the WGS reaction but does not 

affect CO oxidation. Nonetheless, it will reduce the overall amount of hydrogen produced 

(Hoshino et al., 2015).  

Fresh Al2O3

Rh Rh

Rh CRh

CHx
CmHn H2 CO

H2O SO3

Precursor

OH

Accelerated carbon deposition

  SO2 

adsorption 

 

Figure 2-8: Catalyst deactivation due to SO2 adsorption and carbon deposition (Hoshino et 

al., 2015) 

At lower temperatures, the WGS reaction is favourable as it is exothermic. However, the 

endothermic reaction proceeds to reactants when the operating temperature rises. Steam 

reforming is a highly endothermic reaction, so the emphasis is put on the heat exchanger design.  

On the other hand, increasing the reformer size will increase its thermal inertia and reformer 

activation time. One prominent advantage of steam reforming is that reactants enter the 

reformer in higher concentrations like fuel and steam, unlike partial oxidation, which needs air 

(gaseous mixture with 21% oxygen only) (Farrauto et al., 2003). 
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An S/C value of 2 or less is good for thermodynamic study or research. Industrially up to 6.5 

S/C is used to maintain efficiency. However, using higher S/C increases the reactor size for the 

same output and fuel consumption to generate steam. Carbon formation occurs at temperatures 

above 1400 K despite a steam-rich environment (Dalle Nogare et al., 2007). For the SMR 

reaction, the product composition varies, but it is mainly hydrogen 70ï75% on a dry basis, CO 

(7ï10%), CO2 (6ï14%), and including some unconverted CH4 (2ï6%) (Balat, 2008). 

 Partial oxidation  

Partial oxidation (POX) is an exothermic reaction in which fuel is burnt with air over a catalyst 

to produce CO and H2. As the partial oxidation process generates heat, so internal heat 

exchanger is omitted. The exclusion of the heat exchanger reduces the reformer size and makes 

it suitable for small scale applications. The POX reaction equation is given below. 

ὅὌ πȢυάὕ άὅὕ πȢυὲὌ  

Equation 2-2: General partial oxidation reaction equation (Pastore, 2010) 

The above equation shows that the POX reactionôs drawback is the low H2 to CO ratio. For 

methane POX, the H2 to CO ratio is 2:1. Besides, there is a chance of complete oxidation of 

the fuel (Fennell et al., 2015). Using air as an oxidant dilutes the product and makes hydrogen 

separation harder from the mixture (Pastore, 2010). 

 Autothermal reforming 

Autothermal reforming (ATR) is a combination of steam reforming and partial oxidation 

reforming. The following equation gives the reaction equation. (Peters et al., 2018) 

ὅὌ πȢυάὌὕ πȢςυάὕ άὅὕ πȢυά πȢυὲὌ  

Equation 2-3: General autothermal reaction equation (Pastore, 2010) 

Carbon can form by various methods in all kinds of fuel reforming.  In an ATR study, two 

reactions account for carbon formation by keeping the S/C ratio at 1.9. The first one is 

dependent on the mutual oxidation of two carbon monoxide molecules and the second one is 

pyrolysis of the feed fuel (Peters et al., 2018). 

(a) ςὅὕ ὅὕ ὅ  ,  (b)   ὅὌ Ὄ ὲὅ 

Equation 2-4: a) Boundourad reaction b) pyrolysis (Peters et al., 2018) 
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ATR catalyst is designed so that POX reaction occurs first, which raises the reactor 

temperature. Down the reformer, the catalyst type changes to perform the steam reforming 

reaction. Though no external heat is required as POX provides the necessary heat, still 

preheated steam must feed the SMR reactor. POX reaction heat release (operating temperature 

1025 K) can integrate with the steam generation, which otherwise may get wasted in a simple 

POX reaction (Pastore, 2010).  

 

 

Figure 2-9: A general description of the autothermal reforming process (Pastore, 2010) 

Another substantial advantage of ATR is its start-up time due to internal heat production and 

less thermal inertia. Theoretically, by utilising heat to make steam in a closed-loop 

configuration, an ATR catalyst can achieve 80% efficiency (Docter and Lamm, 1999). 

 Reformer gas applications  

 In fuel cell 

A fuel cell has the potential to replace IC engines, especially passengerôs cars. The fuel cellôs 

main advantage is its higher efficiency (40-80%) than conventional combustion engines. 

Compared to the Otto cycle (Figure 1-3) machines, it is not limited by the Carnot efficiency 

ρ  as it is an electrochemical device that converts chemical energy to electrical energy. 

Several fuels like methane can act as feed, and the generated electricity (output) may drive a 

pure electric or hybrid car. Other advantages of a fuel cell are: 

¶ No or extremely low emissions of pollutants 

¶ Silent operation 

¶ A simple process of converting chemical energy to electrical (Agnolucci, 2007) 

¶ Act as a stable continuous power source if it is receiving fuel and oxidiser from the tank. 

So it is not like a battery that stores energy and may give power fluctuation 

¶ Fuel flexibility (Song, 2002a) 

The fuel cells vary in operating temperature, structure, fuel type, and efficiency. If a heat 

recovery system integrates with the FC, the efficiency can reach 70 to 80 per cent. A summary 

of different fuel cells is given in Table 2-4. 

Partial Oxidation Steam reforming 

H2O 

CH4 + O2 CO + H2 
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Table 2-4: Some fuel cell types and their characteristics (Song, 2002a) 

Parameter 

Proton exchange 

membrane fuel cell 

(PEMFC) 

Phosphoric acid 

fuel cell (PAFC) 

Solid oxide fuel cell 

(SOFC) 

Operating 

temperature 
345-355 K 455 - 495 K 1075-1275 K 

Fuel H2 H2 H2, CO 

Charge carrier H+ H+ O+2 

Poison Sulphur, CO Sulphur, CO Sulphur 

Heat generation None Low High 

Cell efficiency 40-50% 40-50% 50-60% 

Catalysts Platinum (Pt) Platinum (Pt) Nickel (Ni) 

 

Proton-exchange membrane fuel cell (PEMFC) is 40-50% efficient, and its most significant 

advantage is its operating temperature (345-355 K). It can be added as a heat recovery device 

to an IC engine as it doesnôt generate heat itself. PEMFC is susceptible to carbon monoxide 

(>10 parts per million (ppm)) that is poisonous for its operation. Therefore a PEMFC cannot 

be used alongside an FR catalyst unless some CO absorption technique is used at the FR outlet. 

Solid oxide fuel cell (SOFC) can use hydrogen and CO as its fuel, but its operating temperature 

is very high (1075-1275 K). Hence, SOFC can provide a heat source for the WHR devices. 

Another advantage is its nickel catalyst which is way economical than platinum. The 

phosphoric acid fuel cell is another fuel cell whose features are similar to PEMFC (Song, 

2002a). 

The major disadvantage of adopting an FC is that there is still no widespread hydrogen 

distribution network. There is no suitable desulphurisation technique for the onboard hydrogen 

generation that can remove sulphur to a practical input level of an FC (<0.1 ppm). So sulphur 

removal from the fuel occurs at the refinery. Another thing is the cost of the fuel cell, which is 

considerably higher than IC engines. Theoretically, fuel call can achieve 70-80% efficiency if 
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the generated heat accompanies heat recovery, like in the case of SOFC (Song, 2002a) (Song, 

2002b). 

 In IC engines and exhaust pipeline 

2.6.2.1 Combustion control 

The HCCI (homogenous charge compression ignition) method reduces NOx and particulate 

matter by operating at lean engine conditions at a lower temperature. Diesel fuel is very reactive 

that auto ignites during high compression pressure produced in a compression ignition engine. 

Mixing diesel with reformer gas changes the combustion characteristics of this mixture. Hence, 

the RG ratio in diesel fuel controls the HCCI regime, which is needed as HCCI parameters vary 

with engine speed and load. Reformate exhaust gas recirculation (REGR) is a combination of 

EGR and RG. A rich fuel mixture of REGR and diesel feeds the combustion chamber to prevent 

knock by offering smoother combustion (Figure 2-10b).  

 
 

Figure 2-10: a) Flame speed of different compound (HV heating value) (Ashida et al., 2015) 

b) Effect of RG enrichment on HCCI operating region (Hosseini and Checkel, 2007) 

Similarly, only EGR is used for leaner combustion. H2 is a stable molecule, so reformer gas 

slows down the heat release, which means smoother combustion for a long duration. Overall it 

means that the reformer gas and EGR variation (in the air-fuel mixture) can control the HCCI 

process effectively (Hosseini and Checkel, 2007). 

Hydrogen also improves combustion speed (see Figure 2-10a), resulting in fast combustion 

(closer to the ideal one) (Ashida et al., 2015) (Hoshino et al., 2015). The fast ignition is due to 

hydrogenôs high flammability as just 4% hydrogen by volume mixed with air creates a 

combustible mixture (Balat, 2008).  
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Figure 2-11: LNT catalyst regeneration and de-sulphation (Wetzel, Mccarthy and Griffin, 

2010) 

2.6.2.2 Catalyst regeneration  

Hydrogen and carbon monoxide can de-sulphate (Figure 2-11) the Lean NOx Trap (LNT) 

catalyst besides oxidising unburnt hydrocarbon (Wetzel, Mccarthy and Griffin, 2010) and thus 

regenerate the catalyst. 

Whereas CO, from the syngas, reduces combustion temperature due to higher specific heat 

capacity, decreasing nitrous oxide formation. CO reacts with already formed nitrous oxide to 

reduce NOx emissions, as depicted in Equation 2-5 (Wetzel, Mccarthy and Griffin, 2010). 

ςὅὕ ὔὕ ᴼςὅὕ
ρ

ς
ὔ  

Equation 2-5: Carbon monoxide attack on nitrogen dioxide (Wetzel, Mccarthy and Griffin, 

2010) 

Hydrogen and carbon monoxide can aid in diesel particulate filter (DPF) regeneration also. In 

a study performed (Hemmings, 2012), hydrogen is introduced in the exhaust stream for ignition 

to raise the DPF temperature. The rise in temperature makes oxidation easy for the accumulated 

carbon, so supporting the DPF regeneration process. 
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2.6.2.3 Emissions reduction 

Hydrogen addition, before the diesel oxidation catalyst (DOC), limits harmful engine 

emissions. A study conducted on heavy HC species (carbon number varies from C5 to C11) such 

as isooctane, toluene, methyl-naphthalene, and so forth reveals that hydrogen addition 

improves three-way catalyst efficiency. It is effective for heavier and oxidation-resistant 

compounds like naphthalene and methyl-naphthalene. The catalyst achieves 100% efficiency 

for these HCs due to hydrogenation and temperature rise. The quantity of hydrogen added is 

2200 ppm for 1200 ppm of these PAHs (Hasan et al., 2016). 

In an older study, a POX reactor was used for a gasoline engine. Reformates generated from 

the reformer, operating at equivalence ratio 1, reduce 75% of the HC emission than the baseline 

gasoline engine fuel at the cold start (Kirwan, Quader and Grieve, 2002). The equivalence ratio 

is the fuel-to-air ratio divided by the fuel-to-air ratio at stoichiometric conditions. 

The effect of REGR on PM emission is miscellaneous. For instance, the introduction of  REGR 

into the engine caused oxygen dilution that promotes PM production due to probable 

incomplete combustion. At the same time, the higher specific heat capacities of water and CO2 

reduce the PM formation. Overall, REGR reduces the PM emission more than EGR alone, 

especially when the soot fraction is higher. Also, REGR reacts with PM matter of all sizes, 

whereas EGR reduces mainly larger PM particles and is less efficient than REGR. Overall a 

40% reduction in PM emission is achieved due to the physical (thermal and dilution) and 

chemical properties of REGR (Bogarra-Macias et al., 2015). 

2.6.2.4 Increasing fuel heating value 

In a close loop onboard fuel reformer study by Leung et al., rhodium (Rh) monolith catalyst is 

used with cerium and zirconium oxides. Converting half of the fuel to RG and adding it to the 

fuel supply, the authors show theoretically that 9.4% of fuel-saving is achievable (at 1225 K) 

(Figure 2-12) as both CO and H2 have higher energy content than the parent fuel. The studies 

are carried out at lower engine rpm (revolution per minute) because the reformer efficiency 

may suffer from higher exhaust gas velocity entering the reformer at high rpm.  
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Figure 2-12: Percentage of reformate added in IC engine by converting that percentage of 

fuel into reformate by an onboard fuel reformer (Leung et al., 2018) 

Figure 2-12 shows the fuel economy improvement when a portion of gasoline fuel is replaced 

by reformers gas, produced at various operating temperatures in a fuel reformer. There is a 

higher conversion (reformate quality) to H2 and CO with the temperature rise. However, a 

higher reformate quality is not necessary for the fuel-saving application. A critical part of the 

experiment is that the authors have used simulated reformates from gas cylinders to assess fuel 

savings (Leung et al., 2018). 

Similarly, for CI engines, a reforming catalyst uses diesel fuel and EGR containing oxygen and 

steam. The reformer is thermally integrated with the engine, and the authors suggested that 

improvement in design and fuel vaporisation will increase the reformer efficiency further. 

Overall the reformer achieved a 38% fumigant energy fraction, defined as the ratio of energy 

provided by the reformates over total diesel fuel energy (Hwang, Li and Northrop, 2017). 

 Miscellaneous usage 

In summary, hydrogen is widely used in the industry besides in the automotive sector. Nearly 

half (49%) of the hydrogen produced worldwide is used to create ammonia to make fertilisers. 

For crude oil refining, almost 37% of the world hydrogen is consumed. Other hydrogen uses 

includes: 

¶ Hydrogenation reaction, e.g. of mineral and edible oils 

¶ Chemical and food industry 

¶ Medical industry  

¶ Gas to liquid (GTL), such as making liquid fuel from methane 

¶ Fuel cell (Dupont, 2007) 
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 Catalyst structure  

Every chemical industry utilises catalysts such as the food industry, treatment plants, and so 

forth. Nearly 85-90% of the chemical products are formed through catalytic reactions (I. 

Chorkendorff, 2007). It assists a chemical reaction in feasible temperature and pressure 

conditions, thus offering a favourable energetic path. In automobiles, several catalysts are used, 

such as DOC, to oxidise unburnt hydrocarbon. Then come the LNT and SCR (selective 

catalytic reduction) catalysts to reduce nitrous oxide emissions and an optional FR catalyst to 

provide syngas. Last on the exhaust line is a DPF that collects and oxidises the accumulated 

soot. The catalyst cell shape, size, and type vary according to application. Most of the catalysts 

used in automobiles are heterogeneous, where the catalyst consists of solids and reactants are 

fluids.  

Heat and mass transfer to a fuel reformer is essential for its endothermic reactions. There is no 

single design for an FR catalyst, and hence, the research on catalyst substrate design for 

reforming is very active (Tomas, 2006) (Tartakovsky and Sheintuch, 2018).  

 Basic catalyst functioning 

A commercial catalyst should provide three functions: ease of reactants flow, high catalytic 

activity, and stability. The channel is the cell extension along the length, normal to cell face (or 

channel face). Its size and shape are designed according to operating conditions like fluid 

speed, mass flow rate, pressure drop, etc. Catalytic activity is governed by the reacting material 

and accessibility of the reactant to the catalyst site. Ceramic carrier pore size changes the 

surface area, which should be higher for higher reactivity. The stability is dependent on the 

catalyst resistance to; poisoning (permanent adsorption of unwanted chemical compound), 

sintering (large catalyst crystal formation, thus reducing surface area), and fouling (pores 

blockage by a neutral element like carbon or carrier) (Richardson, 1989). Stability also includes 

the mechanical strength of the structure (metallic or ceramic substrate). 

Under the right conditions, reactants form products through the following steps (Fogler, 2020): 

¶ Reactant(s) movement (mass transfer) from the bulk fluid to the carrier surface through 

the fluid boundary layer 

¶ Some parts of the reactants diffuse from the surface to the carrier pores 

¶ Chemisorption of reactants to the catalyst surface 

¶ Chemical reaction 
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¶ Desorption of the products from the catalyst surface 

¶ Diffusion of the products from pores to the carrier surface 

¶ Diffusion of the products into the bulk gas from the boundary layer gas present at the 

carrier surface 

Substrate

Carrier
Catalyst

Channel/
Cell face

Different pore sizes

 

Figure 2-13: A typical monolith channel surface containing substrate (structure), carrier or 

washcoat, and catalyst crystals. Note: Not to scale (I. Chorkendorff, 2007) 

 Substrate and washcoat 

The whole assembly is known as the catalyst, although the actual material for catalysis has a 

small fraction. A typical catalyst contains a substrate acting as a support structure where a 

washcoat (also called 'carrier') is adhered containing reacting material. Monolith, foam, tube, 

pallets, etc., are types of support structures. Metal oxides mainly serve as washcoat, and their 

primary purpose is to act as a binder between the substrate and reacting material. 

The substrate can be ceramic or metal. A ceramic monolith is made from extruding ceramic 

slurry from a mould and then drying it. In contrast, metal monoliths are made by joining straight 

and corrugated metal panels. These panels are then folded and encapsulated in the cylindrical 

container (I. Chorkendorff, 2007) (Tomas, 2006) (Richardson, 1989). 

The washcoat or binder is usually made of ceramics, e.g. alumina (Al2O3), ceria (CeO2), and 

zirconia (ZrO2), to name a few. It increases the specific surface area besides acting as an 

adhesive material. A typical monolith has a 2 m2/g specific surface area (Tomas, 2006), while 

with a washcoat, it grows more than 40 m2/g (Sanz et al., 2016). The monolith wall in both 

cases is non-porous, so no inter-channel mass transfer occurs, but heat transfer. There are other 

differences between these two materials, which are explained in the following section. 

 

Channel length 
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 Ceramic or metal substrate 

Radial heat transfer in ceramic monolith occurs by conduction which is negligible as ceramics 

are bad heat conductors. The brittle nature of ceramics makes it prone to cracking under any 

kind of stress, like thermal stresses. However, ceramic monoliths can be of very high cell 

density (cpsi, cells per square inch). The metallic monoliths walls are thinner than ceramic 

walls due to higher mechanical strength. Also, metals are excellent heat conductors, so both 

radial and axial heat flow occur through conduction. Metal monoliths can also have 'passive 

channels' for the inter-channel mass flow, absent in ceramics monoliths formed by the extrusion 

method (Tomas, 2006).  

Table 2-5: Properties of 400 cpsi Emitec metal and ceramic monolith catalyst (Tomas, 2006) 

Properties Ceramic Metal 

Wall thickness (mm) 0.1ï0.3 0.04ï0.05 

Geometric surface area (m2/m3) 2800 3700 

Thermal mass at 473 K (J/kgK)  699 490 

Open area percentage 75.0 89.3 

  Dispersed precious metal 

Precious metals like platinum (Pt) and rhodium (Rh) are sometimes used in fuel reforming 

processes to give a better yield. Adding Rh increases the catalyst resistance to sulphur 

adsorption (Fennell et al., 2015). Lanthanum addition improves water activation for the steam 

reforming reaction. 'Sulphur poisoning' can also be reduced by adding a silica solution binder 

to prevent sulphur compounds from accessing the catalyst site (Hoshino et al., 2015).  

As these catalysts contain rare earth elements, they are dispersed throughout the carrier surface 

for cost reduction. For instance, for a REGR reformer, Fennell et al. use a ceramic mixture of 

220 ɛgmm-3 density to paste it on 0.144 dm3 of the plate. The mixture contained just 4% of 

reacting material (Pt+Rh) by weight. Similarly, in another study, 4% by weight Rh is used in 

the catalyst/ceramic mixture (Rh/Al2O3) for REGR (Hoshino et al., 2015). 

Another form of the dispersed catalyst is small solid particles embedded with the carrier 

containing reacting material. These particles fill i n a cylinder forming a plug flow reactor. For 


















































































































































































































































































