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Chapter 2 Road Vehicle Technology Options 

2.1 Conventional Road Transport 

2.1.1 Conventional Fuels And Vehicle Technologies 

As discussed in Chapter 1, virtually all passenger and freight vehicles on UK roads use 

petrol or diesel fuels. In the private passenger car sector, petrol has been favoured over 

diesel, though the popularity of private diesel cars has increased markedly over the last 

decade in the UK (largely due to cheaper fuel and maintenance costs and an improved 

diesel product range). For the bus and heavy-duty vehicle sector, diesel has been the 

dominant fuel due to lower fuel costs and high torque characteristics of the diesel 

engine.  

There has been a strong convergence of petrol engine design that incorporates four 

or six cylinder units with four valves per cylinder and electronic fuel injection. In order 

to comply with EU legislation (see Annex 1), the last decade has seen the development 

of exhaust after-treatment systems to reduce regulated vehicle emissions. For petrol 

vehicles, the three-way catalyst14 is now mandatory for all new petrol vehicles sold in 

the EU, the US and Japan. This device, in combination with other engine improvements, 

has led to a dramatic reduction in regulated pollutants; so much so, that a car produced 

in 2001 produces an order of magnitude fewer emissions than a car manufactured in the 

1970s (DETR 1999b). To demonstrate what can be achieved regarding regulated 

emissions, many cars on sale in 2001 already conform to Euro 4 legislation not due to 

come into force until 2005 (VCA 2002). 

In contrast to petrol power units, there has been less convergence in the design of 

the diesel engine. Although indirect injection (IDI) is common, the more fuel-eff icient 

direct injection (DI) is still under development. Indeed, diesel technologies are 

                                                 
14 The three-way petrol catalyst reduces emissions of CO, NOx and HCs. 
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continuing to improve with the introduction of new technologies such as Common Rail 

Injection,15 Exhaust Gas Recirculation (EGR) and advanced diesel turbo. Indeed, EGR 

is already common on car and van diesel engines and set to appear on truck diesels. Fiat, 

who developed the first common rail i njection system, produce commercialised units for 

use in the 1-lit re diesel Fiat Punto (AEA 1999a). 

After-treatment systems are also being introduced in order to comply with 

approaching Euro standards. These include the use of particulate filters for light-duty 

vehicles. PSA Peugeot-Citroën was first to develop a diesel particulate filter system for 

production cars (which also use common rail engine technology). For heavy-duty 

engines, oxidation catalysts and continuously regenerating traps (CRT) are increasingly 

being fitted as standard and are proven to reduce particulates by up to 90% (DieselNet 

1999). It is accepted that technologies such as particulate filters, EGR and CRTs will be 

required if the heavy-duty diesel sector is to be able to comply with future Euro 

standards (DTI 2000).  

Since the 1970s, there has only been a slight increase in fuel-economy for European 

cars. Average petrol car consumption over the period 1985-1990 fell from 9.6 to 9.4 

lit res/100 km (see section 1.1.3). Car diesel consumption also reduced slightly from 8.4 

to 7.6 lit res/100km (DETR 1999b). Even these marginal improvements have been 

threatened in the 1990s by the demand for increased performance and extra safety 

features. However, in the next decade, this situation could radically change with the 

widespread introduction of gasoline direct injection (GDI). If successful, this is 

predicted to reduce fuel use and vehicle CO2 emissions (for petrol cars) by up to 15%.16 

New diesel technology also promises to reduce emissions. For example, Peugeot’s 

                                                 
15 Common Rail Injection employs a common pressure accumulator, called the ‘ rail ’ . In these systems, 
the injection pressure is independent from engine speed and load. This enables the injection parameters to 
be freely controlled leading to reductions in engine noise and NOx emissions. 
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common rail engine is reported to provide a fuel consumption under 4.9 ltr/100km (57 

mpg), which results in CO2 emissions of around 136 gms/km (AEA 1999b). However, 

the increasing use of diesel after-treatment systems is known to increase vehicle CO2 

emissions by around 1-2%, the additional energy being required for system operation 

(DTI 2000). 

Figure 2.1 : Emissions from a typical petrol and diesel car (1.4-1.7 li tres) 
 

 

 

 

 

Petrol and diesel technologies already differ in their relative emissions performance 

with petrol vehicles emitting fewer NOx and particulate emissions and diesel vehicles 

producing less carbon dioxide per kilometre (see Figure 2.1)17 (DTI 2000). The fuels 

also differ in the development potential with new petrol technologies promising to 

reduce CO2 emissions by around 15% (to levels of current diesel vehicles) and future 

diesel systems aiming to significantly reduce NOx and particulates. However, the 

adoption of both cleaner petrol and diesel technologies is highly dependent on the 

availabilit y of ultra low sulphur fuels (less than 50ppm). This is because even low levels 

of sulphur (50-100ppm) in vehicle's exhaust can reduce the effectiveness of catalysts, 

which are used in after-treatment systems and on-board diagnostic (OBD) sensors. 

                                                                                                                                               
16 Since 1998, Mitsubishi have been marketing a 1.8 and 2.4 lit re GDI engine for use in the Carisma car 
(AEA 1999a). 
17 This ill ustrates the general tendency for different conventional technologies to ©trade-off© one (or a 
group) or emissions against another. It is also indicative that ICE technology is reaching its limits. In this 
case local pollutants (NOx, PM) are traded-off against global ones (CO2). 
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Indeed, the development of cleaner conventional vehicle technologies is highly 

dependent on the introduction of cleaner conventional fuels. 

2.1.2 Conventional Vehicle Fuels 

Petrol and diesel are mixtures of liquid hydrocarbons refined from crude petroleum. 

The production of these fuels involves extraction, separation of crude oil from other 

fluids, transport to refineries, processing (fractional distill ation), transport to regional 

storage locations and distribution to retail or fleet refuelli ng stations. Each fuel must be 

carefully blended, either to control petrol©s volatilit y and anti-knock performance 

(octane number) or diesel©s ignition quality (cetane number) (ETSU 1996).  

Petrol and diesel specification standards have tightened over the past decade and 

promise to continue to do so over the next (DTI 2000). European fuel directives have 

been agreed which prohibit the general sale of leaded petrol and impose fuel 

specification standards for both petrol and diesel. For petrol, the maximum EU sulphur 

limit has been reduced from 500 ppm to 150 ppm in 2000 and will be further reduced to 

50 ppm in 2005, along with reductions in benzene from 5% to 1%.18  (50ppm sulphur 

petrol is known as Ultra Low Sulphur Petrol or ©ULSP©.) For diesel, the principal change 

has been a reduction in maximum EU levels to 350 ppm in 2000 with further reduction 

to 50 ppm in 2005. Ultra Low Sulphur Diesel (©ULSD©) also has reduced heavy 

hydrocarbons and has a lower density than previous grades. 

The introduction of ULSP and ULSD is part of a worldwide trend to ‘de-sulphurise' 

vehicle fuels with the aim of achieving ‘sulphur-free' fuels (which in practice means 

<10 ppm). The motor industry has proposed a World-Wide Fuels Charter for the EU, 

US and Japan, which recommends a sulphur content below 30 ppm, which goes beyond 

                                                 
18 In some non-EU countries, oxygenates have been added to petrol, to reduce emissions of carbon 
monoxide. As carbon monoxide is not a major problem in the UK, oxygenated petrol is not the preferred 
solution. Instead, the focus of EU legislation has been to reduce benzene and sulphur content. 
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the EU 2005 levels agreed (ACEA 1998). In late 2001, the European Parliament voted 

for the mandatory introduction of sulphur-free petrol and diesel by 2008, three years 

earlier than the Commission©s proposed deadline (Europa 2001).  

In order to assist with the UK Government's objectives to reduce the impact of road 

transport on the environment, the UK fuel sulphur standards are more stringent than the 

existing EU standards outlined above. As of the end of 2001, all petrol and diesel sold in 

the UK conforms to Ultra Low Sulphur Petrol and Diesel specifications with sulphur 

content of 50 ppm or less. As mentioned in the last section, the main motivation for 

introducing ULSP and ULSD is to improve the performance and longevity of catalyst 

after-treatment systems (e.g. CRTs) and to support the introduction of fuel economy 

measures such as gasoline direct injection (GDI). It is interesting to note that (with the 

exception of GDI) the use of ultra low sulphur fuels results in a marginal increase in 

overall li fecycle emissions of carbon dioxide. This is due to both the increased refining 

required for sulphur removal at the refinery and to an increase in vehicle fuel use due to 

the energy required for the operation of exhaust aftertreatment systems.  

2.2 Cleaner Vehicle Fuels And Technologies 

Although petrol and mineral diesel are the most widely used vehicle fuels, they are by 

no means the only fuels that can be used for road transportation. For specific 

applications, other fuels and cleaner vehicle technologies have proved themselves 

equally effective in providing motive power. For example, renewable biofuels19 are 

already in widespread use in many countries as are vehicles that employ electric, as 

                                                 
19 During the 1970s and 1980s, bio-ethanol produced from sugarcane was vigorously promoted in Brazil 
both as a response to a slump in the global price of sugar and to reduce the countries dependence on 
foreign oil i mports. At that time, all li ght-duty vehicles were required to run on at least in part on ethanol 
fuel. In 1989, the country©s car and light-duty van fleet consisted of over 4 milli on pure-ethanol and 5 
milli on gasohol (ethanol-petrol blend) vehicles. It is salutary to note, however, that the use of ethanol in 
Brazil sharply decreased due to ethanol shortages in 1989-90 which were caused by the price of ethanol 
being held artificially low (to hold down inflation), so reducing production, and the increasing availabilit y 
of oil and gas from Brazili an fields (Johansson et al, 1993). 
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opposed to mechanical, drive-trains. The following sections discuss the main 

alternatives to conventional fuels and ICE vehicle technologies.  

In this discussion, it is useful to reconsider the central elements of motorised road 

vehicle design. All powered vehicles depend on the exploitation of a primary energy 

source, an on-board energy storage system and an energy converter that enables the 

controlled release of the on-board fuel to provide kinetic energy (see Figure 2.2). For 

example, conventional road vehicles utili se the stored chemical energy of hydrocarbons 

derived from petroleum (petrol and diesel). The energy is released via combustion, 

which occurs within an internal combustion engine (ICE). The energy is then 

transferred through a mechanical drive-train to the vehicle's wheels.  

Figure 2.2 : Main pr inciple of road vehicle system design 

 

Although conventional road transport is dependent on fossil fuels, other primary 

fuels can be used by road transport applications. What is crucial is that the energy 

source can be converted to a form that can be stored on-board a vehicle with suff icient 

energy density to provide energy over an extended period. Furthermore, there needs to 

be a mechanism (chemical, physical or electrical) that can convert the energy stored in 

the fuel to kinetic energy as and when required. 

The alternative options to the dominant petrol/diesel ICE can be usefully analysed 

by considering two closely interdependent dimensions; vehicle fuel and vehicle 

technology. Not only is the vehicle technology employed largely dependent on the fuel 

used, an optimum fuel formulation is often required by technology chosen. Broadly 

speaking we can classify alternative vehicle options in one of two ways: 
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·  According to the fuel. 

·  According to the technology. 

Cleaner vehicle fuels 

A cleaner vehicle fuel is one that can be used to partially or fully replace conventional 

petrol and mineral diesel and which offers potential air quality or climate-change 

benefits. According to the reports of the Energy Technology Support Unit and the 

Cleaner Vehicles Task Force (ETSU 1996; DTI 2000), the main fuels that have a 

potential to reduce emissions include: 

Gaseous Fuels – Natural gas (NG) makes an ideal vehicle fuel for combustion 

engines due to its high octane rating and low volatile organic compounds. Liquefied 

Petroleum Gas (LPG) (which arises in the extraction of natural gas and as a by-product 

of refining) also has characteristics that make it suitable as a cleaner vehicle fuel.   

Biofuels - Produced directly from biomass (e.g. extraction of oil from energy crop) 

or by the crop-fermentation or esterification of seed-oil derivatives. Although such fuels 

are themselves carbon based, in principle, their li fecycle use is carbon neutral as carbon 

released during their combustion is derived from atmospheric sources during biomass 

growth. Biofuels produced using fermentation include alcohol fuels (bioethanol and 

biomethanol). Esterification is used to process rapeseed into Rape-seed Methyl Ester 

(RME), also known as biodiesel.  

Electr icity - Electricity can be generated using primary fossil fuels, fission or 

fusion of nuclear fuels, or from renewable sources. If used within a battery electric 

vehicle, it offers the possibilit y of zero-emission transport (at point of use). If renewable 

electricity is used, a vehicle could be operated with zero-emissions on a li fecycle basis. 

However, non-renewable electricity generation leads to li fecycle emissions of gaseous 

(and other) pollutants.  
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Hydrogen - Like electricity, hydrogen is a secondary form of energy, which can be 

derived from renewable and non-renewable sources. The advantage of using hydrogen 

is that it combusts within an ICE to form only water (plus some NOx if burnt in air), 

there being no carbon present within the fuel. Hydrogen can also be utili sed by a ̀ fuel 

cell ' to produce electricity on demand. This opens up the possibilit y of a new type of 

electric vehicle; the fuel cell vehicle (FCV). 

Cleaner vehicle technologies 

Although some cleaner fuels can be used within conventional ICE vehicles without 

significant changes to vehicle design (e.g. NG, LPG), their use offers more potential for 

emission reductions if used in conjunction with new propulsion systems. Furthermore, 

the advent of cleaner fuels enables the use of advanced after-treatment systems, which 

can further reduce conventional vehicle emissions. 

Cleaner vehicle technologies encompass three approaches. The first is to improve 

and develop the internal combustion engine (e.g. direct fuel injection, common rail , 

EGR, advanced diesel turbo).20 Secondly, ICEs can be developed for use with cleaner 

fuels such as alcohol, natural gas, liquefied petroleum gas and hydrogen. The third 

approach is to develop partial or complete alternatives to the ICE engine. This option 

includes battery, ©hybrid© and fuel cell electric vehicles.  

The Battery Electr ic Vehicle (BEV) - Electricity from any energy source can be 

used to charge a battery of electrochemical cells21 on-board a battery electric vehicle. 

When required, electrical energy is drawn from the cells and converted to motive power 

by the use of an electric motor. Both alternating and direct current drive-trains have 

been developed.   

                                                 
20 This thesis considers these options to be improvements within the existing regime. 
21 A rechargeable cell i s also known as a ©secondary cell©. 
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The Hybr id Electr ic Vehicle (HEV) - Series-hybrids are vehicles that use a heat 

engine (usually an ICE) to generate electricity, which is then delivered to the wheels via 

motors using an electric drive-train. Parallel hybrids have the capacity to be powered 

mechanically or electrically, either by an ICE engine or by a battery-motor unit. Both 

types enable the main power unit to be continually operated close to maximum 

eff iciency, so improving overall fuel economy and reducing emissions. 

The Fuel Cell Vehicle (FCV) - If hydrogen and oxygen (from the air) are fed into a 

fuel cell , a voltage difference is produced which can be used to drive an electric current 

which in turn can operate an electric motor. This can be used to power a fuel cell 

vehicle. There also exists the option of combining a battery system with a fuel cell to 

form a fuel cell hybrid vehicle. 

A full analysis of cleaner fuel and vehicle technology options is made complicated 

by the large number of energy conversion routes, which their use makes possible (see 

Figure 2.3). For example, methanol can be produced from natural gas (a fossil fuel) or 

from methane produced from biomass. Hydrogen and electricity can similarly be 

produced from a number of renewable or non-renewable sources. Therefore, in 

assessing the impact of any one option, close attention needs to be paid to the energy 

conversion route employed. 

Figure 2.3 : Energy conversion options for use by road transpor t 
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2.2.1 Fuel and vehicle technologies considered by this thesis 

In the following sections, this thesis focuses on those cleaner fuels and vehicles that 

provide air quality improvements and/or climate change benefits and have the potential 

to be commercially viable in the UK marketplace by 2012 (DTI 2000). Included are 

natural gas and liquefied petroleum gas, which are regarded as having significant short-

term potential in reducing vehicle emissions. The use of electricity as a road fuel is also 

considered by many analysts to be an important option in the drive to cut road transport 

emissions. The last decade has seen several major demonstration projects throughout the 

world that have shown battery electric vehicles to be suited to certain niche applications, 

most notably for urban use where drive cycles are predictable.  

Two relatively new types of electric vehicle technologies are also considered by this 

thesis. These include petrol electric (and other types of) hybrid electric vehicles. 

Although considered a long-term option in the early 1990s, Toyota successfully 

launched a commercial hybrid in 1997. Now available in the EU and US, global sales 

already exceed those for battery electric vehicles. The second electric vehicle option 

which may hold promise for the longer term is hydrogen22 used in conjunction with a 

fuel cell vehicle. Hydrogen has been considered by many in the motor industry to offer 

great benefits for road transport, as it has provided for space exploration since the 1960s 

(DTI 2000). Indeed, the ©hydrogen economy© that would be required for a fuel cell 

transport system has been considered by some energy analysts to be “ inevitable” (Serfas 

et al. 1991).  

Biofuels (biodiesel, bioethanol and biomethanol) are correctly considered as 

alternatives to conventional fossil fuels for road transport. Derived as they are from 

                                                 
22 A ©hydrogen-carrier© fuel can also be used. These include methanol, NG, LPG and petrol - see section 
2.2.6. 
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energy crops, they are, in principle, carbon neutral. However, when the energy inputs of 

crop and fuel production are taken into account, the li fecycle energy and CO2 emissions 

from energy crops are significant and variable, the level of li fecycle emissions 

depending on the system of agriculture used.23 The use of pesticides and herbicides also 

makes the environmental impact of biofuels diff icult to assess. Furthermore, limitations 

on land-use mean that it would not be possible for the UK to become self-suff icient in 

biofuel production. Therefore, although they may well have a global contribution to 

make with respect to emission reductions, these fuels are not considered within this 

thesis due to these limitations and uncertainties. 

Table 2.1 shows the principal cleaner vehicle fuel and technology options. Those 

considered by this thesis are shown in bold. Those options not considered are shown in 

italics. An asterisk denotes the baseline case used for comparison. 

Table 2.1 : Fuel-technology options for r oad vehicle transpor tation 
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23 Estimates for li fecycle CO2 emissions for biofuels range from a 50% reduction (EU biodiesel produced 
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Sections (2.2.2-2.2.5) are based upon research conducted by the candidate for the 

Report of the Alternative Fuels Group of the Cleaner Vehicle Task Force. The report 

was published in 2000 (DTI 2000). 

In the following sections, figures are given for vehicle fuel use on a per kilometre 

basis. It is important to note the distinction between ̀ primary' and ̀ delivered' energy 

use.  Unless stated otherwise, all quoted vehicle energy use is on a delivered energy 

basis, which can also be defined as the ̀ tank-to-wheel' energy use. However, primary or 

`well -to-wheel' energy use is considered by li fecycle analysis modelli ng conducted in 

Chapter 4. This calculates the li fecycle regulated and greenhouse gas emissions 

associated with each option. 

Figures are also given for emissions on a per kilometre basis. It is important to note 

the distinction between ̀ vehicle' and ̀ li fecycle' emissions, the latter includes emissions 

associated with fuel production, processing and distribution. Unless otherwise stated, 

regulated and greenhouse gas emissions are quoted on a lifecycle basis.24 The 

exceptions are for options where the regulated emissions associated with fuel 

production are significantly less than 10% of li fecycle regulated emissions, in which 

case only vehicle emissions are quoted. 

2.2.2 Natural Gas Vehicles (NGVs) 

Over 1.2 milli on natural gas vehicles are in use worldwide in over 40 countries with 

Argentina (450,000), Russia (over 300,000) and Italy (300,000), Canada and USA 

(70,000) operating the largest fleets. Excluding Italy, Europe has over 8,500 NGVs, 

serviced by 175 compressor filli ng stations. European countries with the most advanced 

NGV fleets and infrastructure are Italy, Germany, Holland and Sweden. There are over 

                                                                                                                                               
from rapeseed) to an increase (US bio-alcohol produced from corn) (Peterson and Hustrulid 1998; 
Johansson et al. 1993). Comparisons are made using mineral diesel baselines. 
24 Chapter 3 will provide a full discussion of li fecycle analysis methodology. 
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750 NGVs on British roads operated by fleet operators in the private and public sectors 

(DTI 2000).  

Vehicle technology 

Natural gas can be used within an internal combustion engine to provide motive power. 

The gas can be stored on-board a vehicle either in compressed (CNG) or liquefied 

(LNG) form and used in bi-fuel, dual-fuel or dedicated gas engine vehicles.25 Natural 

gas makes an ideal vehicle fuel for combustion engines due to its high octane rating and 

low levels of volatile organic compounds. As an ICE fuel, natural gas has many 

advantages over conventional fuels as it requires no vaporisation and accordingly mixes 

easily with air prior to combustion. This offers lower idling speeds, better performance, 

easier cold starting and a more complete combustion, all which help to reduce tail -pipe 

emissions (ETSU 1996). 

The bi-fuel option utili ses a traditional spark ignition engine, optimised for burning 

petrol, but able to run on natural gas or petrol. There are already several microprocessor 

fuel systems that are able to comply with advanced emission requirements. However, as 

compared to petrol operation, bi-fuel vehicles can experience 10-15% power loss at 

`open throttle' when in gas fuel mode. Dedicated designs maximise the benefits that are 

offered by natural gas and provide vehicle performance similar to conventional fuels. 

Dedicated NGVs also provide the maximum reductions for regulated and carbon 

dioxide vehicle emissions. This is due to natural gas's low car bon content (75% NG, 

87% diesel) and its high octane number (the latter allows a higher compression ratio 

which improves thermal eff iciency) (ETSU 1996). 

                                                 
25 On-board liquefied natural gas (LNG) storage and dual-fuel operation are not considered in depth here 
due to the low numbers of vehicles (<1000 globally) that use these options. This is the position taken by 
the Cleaner Vehicle Task Force (DTI 2000). 
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CNG is usually stored on-board a vehicle in pressurised cylinders at about 20 MPa. 

Cars are typically fitted with a single cylinder of around 90 lit res capacity (16 kg gas 

equivalent to around 23 lit res of petrol). The most common material used for CNG tank 

construction is steel. The weight of the tanks is approximately 1 kg per lit re of tank 

capacity. New composite materials and structures are increasing being used including 

©hoop-wrapped© and fully wrapped fibre composites. However, the lower weight options 

are associated with a high price penalty that, at present, is inhibiting more widespread 

use of these materials. 

Most light-duty NGVs are bi-fuel conversions from petrol engines. The two tanks 

required by these vehicles result in a small weight and space penalty. These penalties 

are greater for heavy-duty dedicated NGVs (>3,500 kg GVW) as they require larger 

tanks to provide adequate vehicle range (typically 1,000 kg penalty for a steel cylinder). 

Therefore, dedicated vehicles tend to be large panel vans, trucks, buses and heavy-duty 

vehicles where the extra weight and volume of the gas tanks is less of an issue. 

Fuel characteristics and supply 

Natural gas is the second most abundant fossil fuel, after coal. UK reserves of natural 

gas have been estimated to have a li fe expectancy of around 30-35 years (ONS 2000). 

With new interconnectors between the UK, mainland Europe and the Russian gas fields 

extending supply, demand for natural gas in the UK will be satisfied well beyond 2035. 

There are significant differences in the quality of natural gas throughout Europe and 

the rest of the world, with the methane content varying from 80% to 99% of the total. In 

some situations (not in the UK), this high variabilit y can adversely affect operabilit y, as 

engine management systems cannot cope with large changes in gas composition. UK 

natural gas used, predominantly from the North Sea, contains over 90% methane and 

requires littl e processing before use. 
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The fuel consumed by conventional UK road transport is equivalent to around the 

energy content of 65% of total UK gas sales (15 billi on Therms). Principally fleet 

operators use diesel and the annual energy demand is equivalent to 4 billi on Therms. 

The most appropriate use of gas for transport is in urban areas, which would target some 

4% of the vehicle population. Hence, gas demand would increase by around 1%. This is 

well within the scope of the natural gas transmission grid capacity and the available 

resources.  

Natural gas re-fuelli ng technology is well proven and has been successfully 

demonstrated in numerous projects. Refuelli ng systems can be one of two types: 

·  ‘Fast-fill ’  – this system uses natural gas under high pressure (25 MPa). The systems 

fill t he vehicle in about the same time as for conventional fuels. Each dispenser can 

fully refuel about 200 vehicles a day.  

·  ‘Slow-fill ’ – this system consists of a compressor unit above ground which ̀ trickle 

charges' an NGV over a number of hours. This is suitable for users/operators who 

can leave their vehicles over a period of time to refuel. Each unit can refill one or 

two vehicles at a time.  

One of the main barriers is the low number of publicly accessible refuelli ng points 

for NGVs. Though the UK has the advantage of having an existing national pipeline 

grid, at present there are only around 30 CNG filli ng stations. This includes 11 new 

public access gas sites that were introduced in 2001 with capital support from the 

CleanUp programme (CleanUp 2001) (see section 4.2.1). 

Environmental impact 

Within the light-duty sector, with the exception of total hydrocarbons, the regulated 

(vehicle) emissions are significantly reduced for NGVs with dedicated vehicles showing 

the largest emission reductions. For cars as compared to a petrol baseline, the reductions 
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are CO (over 40%) and NOx (over 35%) and particulates are negligible. For dedicated 

heavy-duty vehicles, with the exception of total hydrocarbons, the regulated vehicle 

emissions are significantly reduced for NGVs. As compared to a diesel baseline, the 

reductions for a NG bus are around CO (over 50%), NOx (up to 85%) and particulates 

(over 70%). 

Although fuel use on an energy basis is increased for NGVs, due to the fuel's low 

carbon content, NGV operation reduces li fecycle CO2 emissions for light-duty vehicles. 

However, methane is an important greenhouse gas and therefore, the emissions of 

methane from the vehicle, refining and distribution processes must be accounted for in 

the calculation of the effect of NGVs on global warming. After increased methane 

emissions are accounted for, NGVs show an improvement over li fecycle GHG 

emissions of around 10-15% for cars and car-derived vans as compared to a petrol 

baseline. GHGs are slightly increased as compared to diesel for light-duty vehicles. 

These figures will im prove as more dedicated gas engines are brought on to the market 

with optimised catalysts (which reduce HC emissions). For heavy-duty vehicles (over 

3.5 tonnes), total GHGs are comparable or slightly increased when compared to diesel 

operation.  

Economic impact 

The main barriers to the use of NGVs are their high capital cost and lack of a strategic 

refuelli ng infrastructure.  Dedicated NGVs, in particular, remain more expensive to 

build due to diseconomies of scale rather than inherent technical barriers. The additional 

costs of a CNG truck are around £25k (from a £50k base) and gas storage tanks for a 

bus can cost as much as £10,000 (DTI 2000). For light-duty vehicles, the additional cost 

is around 10-15%. To reduce this economic barrier, for approved vehicles, the UK 

PowerShift programme awards subsidies of up to 75% of the additional vehicle cost. 
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Depending on vehicle type and level of use, the extra capital costs can be offset by 

lower fuel costs. In the 2001 UK Budget, the road fuel duty for natural gas was cut from 

15 p/kg to 7 p/kg and the government is committed to maintaining the fuel duty 

differential between gaseous fuels and petrol/diesel at least until 2004. As a result, at 

forecourts, NG retails at around 60 p/kg which is equivalent to ~45 p/lit re of diesel.  

The high capital cost of refuelli ng stations also act as a barrier to natural gas 

vehicles. Costs range from around £2,000 (for a ̀ Fuelmaker' which can fuel two 

vehicles overnight) to over £150,000 for a system that provides fast-fill for a whole 

fleet. Briti sh Gas installed a re-fuelli ng station for a 16-bus fleet in Southampton at a 

cost of around £250,000. British Gas and Mobil offer packages in which they finance 

the construction of the refuelli ng station, the operator only having to pay as the gas is 

dispensed.  

2.2.3 L iquefied Petroleum Gas (LPG) 

There are over 4 milli on road vehicles using LPG in countries such as Italy (over 1 

milli on), Holland, Former Soviet Union, Japan, USA, Australia (each with between 

300-400 thousand) and significant numbers in Mexico, USA, Japan, Australia, South 

Korea and Canada. In Europe, the LPG vehicle population numbers around 2 milli on 

vehicles with bus and truck fleets being concentrated in a small number of cities per 

country. In the UK there are over 20,000 LPG vehicles used on public roads. The 

majority of these are cars and light-duty vans, most which are bi-fuel conversions. 

Vehicle technology 

LPG can be used within an internal combustion engine. The gas can be used in bi-fuel 

or dedicated vehicles. Cars and light duty vehicles that can operate on LPG are most 

often conversions designed to run in bi-fuel mode. Whereas older bi-fuel conversions 

often had poor performance (the engine being optimised for petrol operation), recent 
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conversions utili se electronically controlled gas-injection systems. The advantage of bi-

fuel operation is that vehicles are less reliant on a fully developed LPG refuelli ng 

infrastructure and are able to continue operation in areas where LPG is unavailable. 

To get the best emissions performance from an LPG vehicle, a dedicated engine is 

required. The full benefits are not available to bi-fuel operation because a compromise 

is required for the two fuels. The last few years have seen increased interest from motor 

manufacturers in dedicated LPG engines. DAF, for example, have recently put a 

dedicated LPG bus with three-way catalyst on the market (see Figure 2.4). 

Heavy-duty vehicles that operate on LPG can do so using one of two technologies: 

·  LPG stoichiometr ic engines - These use a spark ignition engine. The gas is either 

added to the air flow or injected in gaseous or liquid form. This approach is already 

used for commercially manufactured heavy-duty vehicles.  

·  LPG lean-burn engines - These provide a significant improvement in fuel 

consumption and engine eff iciency. This approach is more suited to large truck 

applications. However, these engines are not available in Europe at present. 

Figure 2.4 : LPG bus in use in Chester, UK 
(Courtesy of Chester City Council , 2000) 

Current bi-fuel and dedicated LPG 

vehicles have an engine performance similar 

to conventional fuels. Engine performance 

improvements are found for heavy-duty 

conversions to LPG. This includes reduced 

engine noise and an extended engine li fe due 

to the cleaner fuel and lower engine stress. 

Conventional petrol catalyst technology can 

be used for light-duty LPG vehicles, whereas 

heavy-duty vehicles used catalyst systems 
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that are optimised for LPG (AEGPL 1998). 

LPG is stored as a liquid under moderate pressure (0.4-1.2 MPa). The tanks are 

heavier than conventional fuel tanks for the same range. Though the tanks occupy 

similar volume to petrol/diesel tanks, this can be a problem for bi-fuelled vehicles where 

two tanks have to be accommodated. The extra mass of the fuel system slightly 

increases the fuel consumption and imposes a small weight (and sometimes space) 

payload penalty. Most dedicated LPG buses have their tanks fitted to the roof but they 

can be placed in the chassis, under-floor or attached to each side of the frame. The extra 

weight for a heavy-duty vehicle is around 250 kg for a 500 km operating range. 

Fuel characteristics and supply 

LPG is a mixture of propane and butane. It arises both in the extraction of natural gas 

(approximately 3% of the gas) and as a by-product of refining. The gas has the 

advantage of being composed of simple chemical compounds which can easily form a 

homogeneous mixture with air, thus allowing a more complete combustion than is the 

case for conventional fuels. In principle, this leads to a reduction in vehicle emissions. 

The energy density of LPG is typically a third less than for petrol (23.6 MJ/lit re as 

compared 32.3 MJ/lit re). This means that a greater volume of fuel is required. However, 

the gas contains around 8% more energy by mass. Therefore, less fuel mass is required 

for a similar vehicle range (though this advantage this is offset by the extra weight of 

the tank required). 

Not only does LPG composition vary across Europe, it is seasonally dependent. 

Whereas UK gas typically contains more than 90% propane, in Italy this can be as low 

as 20%. With early conversions, this affected the abilit y of vehicles to travel throughout 

Europe on LPG. However, with modern self-learning systems, this problem has been 
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largely overcome and most new dedicated LPG engines are able to tolerate a wide 

variation in LPG composition.  

The UK uses 2,000-3,000 tonnes of auto-LPG per annum. Adequate supplies of 

LPG are available for road transport applications, both for current consumption and for 

a demand of up to 300,000 tonnes per annum. In addition, there is a surplus of LPG 

from the North Sea and world production is increasing while demand remains fairly 

constant. Projected production is therefore able to meet the anticipated extra demand 

from the transport sector. 

The main barrier to the use of LPG in the UK has been the limited network of 

refuelli ng locations. However, the number of LPG refuelli ng points is increasing at a 

fast rate. Although there were only around 200 LPG filli ng stations in 1999, the number 

has increased to around 1000 sites by the end of 2001. (Europe as a whole has a total of 

around 7,000 LPG refuelli ng sites.) The UK situation is approaching the point where 

10% of all refuelli ng stations (17,000) will offer LPG.26 

Environmental impact 

Regulated (vehicle) emissions are reduced for LPG operation as compared to 

conventional fuels. For light-duty vehicles, CO is reduced by over 20%, HCs by over 

40% and NOx by over 30% (as compared to petrol). For heavy-duty engines, CO is 

reduced (over 90%), HCs (over 80%) and NOx by around 60% (as compared to diesel 

operation). Particulate matter (PMs) is virtually eliminated from LPG vehicle emissions.  

Volumetric fuel consumption of LPG is around 60% higher than with diesel fuel 

due to the gas' low energy density. However, this is balanced by LPG's high energy 

content by mass, as well as its low carbon mass fraction. Tests provide evidence of a 

                                                 
26 Some analysts argue that 10% coverage is required for the successful market introduction of a new 
vehicle fuel (EST 2001c). 
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10%-15% reduction of li fecycle CO2 emissions for light-duty vehicles as compared to 

petrol operation and a 5% reduction as compared to diesel. For heavy-duty vehicles, 

however, li fecycle CO2 emissions for heavy-duty LPG vehicles are comparable to diesel 

operation (DTI 2000). 

Economic impact 

The main additional costs associated with LPG operation include higher capital vehicle 

cost and new investment for additional safety measures (e.g. suitable ventilation system, 

LPG detection systems). Vehicles are converted to LPG at a cost of around £800-£1,500 

for cars and vans and around £15,000 for bus conversions. For dedicated LPG buses, the 

extra capital cost is in the region of £25,000. As with natural gas vehicles, capital 

subsidies are available (from the UK PowerShift programme) to assist with LPG vehicle 

purchase or conversion. 

The increased cost of LPG vehicles can be set against (to varying degrees) reduced 

fuel costs. In the UK, the switch to LPG is primarily dictated by the potential fuel cost 

savings. The fuel duty rate for road fuel gases was reduced in the 2001 Budget from 15 

p/kg to 9p/kg. This results in LPG forecourt prices of around 40 p/lit re which are 

typically about half those of petrol and diesel. Though the calorific value of LPG is low 

in comparison with petrol and diesel, LPG©s lower price gives the opportunity to recoup 

the costs of the extra fuel required. For example, taking into account the reduced energy 

density, the price of LPG effectively approximates to 55p/lit re (significantly lower than 

petrol/diesel forecourt prices). 

For heavy-duty vehicles, fuel costs can also be reduced. Arriva, who are operating 

LPG buses on Chester©s ©park and ride© routes, report fuel cost saving of 1.25 p/km as 

compared to a comparable conventional Scania Euro2 diesel bus. As the vehicles 

average 75,200 km per year, this amounts to an annual saving of £940 (Lane 2000a).  
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2.2.4 Battery Electr ic Vehicles (BEVs) 

There are more than 28,000 BEVs in Europe including around 16,000 UK milk 

floats (which comprise the largest number of British registered electric vehicles) (DTI 

2000). Electric commercial vehicles have been widely used in a number of specialist 

applications such as forkli ft trucks, airport vehicles and the electric delivery vehicle. 

Other than milk floats, there are probably less than 100 modern electric vehicles in use 

in the UK (DVLA 2002). 

Vehicle technology 

Electrical energy can be stored in a ̀ secondary' or rechargeable cell on-board the 

vehicle. When required, electrical energy is drawn from the cells and converted to 

motive power by the use of an electric motor. Typically, cells are used to operate a 

motor using direct current (d.c.) An alternative is to convert the direct current from the 

battery to alternating (a.c.) using an inverter, which then drives an a.c. power-train.  

The ©tried-and-tested© lead-acid cell i s the most widely used traction battery. 

Although they have a relatively low energy density (30-40 Wh/kg), it is possible to 

build a vehicle that has a range of around 70-90 km using lead-acid technology. 

Although these cells are far from ideal in their energy storage and power delivery 

characteristics, they have the advantage of proven reliabilit y, durabilit y and an extensive 

maintenance network. Other common traction batteries include nickel-cadmium (Ni-Cd) 

and nickel metal-hydride (Ni-MH). Their relatively high energy density (50-60 Wh/kg) 

provides a significant improvement in the vehicle©s performance and range. However, 

the nickel required makes them more expensive than lead-acid technology. Ni-Cds have 

the additional problems related to handling cadmium, which is toxic, and are diff icult to 

recharge at high temperature. However, despite these problems, these batteries have 
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proved to be well suited to motive applications and are now preferred by many BEV 

manufacturers. 

Most first generation BEVs used d.c. motors which are cheap, give high torque at 

low speed and are easy to control using semi-conductor technology. However, their 

eff iciency of 80-85% and specific power of 150-200 W/kg (about a third of a petrol 

engine) does not represent the best possible performance of available motor technology. 

An alternative is to use the a.c. induction motor that has increased eff iciency, is double 

the specific power and is virtually maintenance free. Its disadvantage is the cost and 

complexity of the controller, which needs both to act as an inverter and regulate the 

motor©s speed.  

While most BEVs do not match the performance of conventional vehicles, current 

vehicles have a range and performance that is adequate for many specific, urban 

applications. They are particularly suited to drive cycles that are predictable, regular and 

less than 160 km per day (e.g. delivery cycles). They are ideal for use in areas where 

low emission vehicles are preferred or mandated. BEVs are suited for use in commercial 

fleets (for small l oads), company car-pools and as urban short-term rental vehicles. For 

individual transport, BEVs are most likely to be used as 2nd or 3rd urban cars. In the 

future, it is very li kely that BEVs will be designed from scratch rather than being 

conversions of existing vehicle designs. This will allow the optimum use of space for 

batteries and motors, reduce the aerodynamic drag and enable the use of new 

lightweight materials for the body and component parts. For example, Toyota's two-

seater `eCom' has a kerb weight of only 790 kg (including the 140 kg battery pack), a 

range of 100-150 km and a top speed of 100 km/h. 

Fuel characteristics and supply 
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BEVs can be slow or fast charged. The most usual method is an overnight charging 

cycle, which typically takes 6-8 hours. Fast charge systems can take as littl e as 10 

minutes for a 50% charge A charging unit comprises a transformer to reduce voltage 

and a rectifier to charge the cells using direct current. While the most common systems 

connect the supply and the vehicle using a conductive cable, inductive charging is being 

developed and has been successfully demonstrated. Yet another approach is to recharge 

the batteries off the vehicle. This method has been successfully demonstrated in 

Birkenhead, UK where six Techobuses use battery packs that are recharged at the base 

depot (DTI 2000, p181). When refuelli ng is required, the depleted battery pack is 

exchanged for one fully charged. 

Given the almost total coverage of the national grid, it is relatively easy to install 

recharge points as compared with other cleaner fuels. For slow charging, all that is 

required is access to a standard domestic 13A socket. Fast charging requires three-phase 

400V (or higher) supply, which is found in most UK non-domestic buildings. Due to the 

hardware required, fast charging is more attractive for sites servicing depot-based fleets. 

However, there are many barriers to installi ng a comprehensive recharging network. 

Private users without access to a garage or private road face significant diff iculties in 

getting electricity companies to install roadside recharging points. Also, although depot-

based fleets can rely on a central charging unit, commercial vehicles often require 

charging away from base in order to complete a full duty-cycle. 

To get an idea of the UK infrastructure requirements of large-scale BEV use, if 10% 

of all cars and vans were BEVs, the total would account for around 2.5 milli on vehicles. 

The annual electricity consumption of this fleet would be around 16 TWh, equivalent to 

a 5% increase in total UK electricity demand (ETSU 1996, p92). Electric vehicles used 

in practice would, on the whole, recharge their batteries at night ready for use the 
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following day. This load would therefore be supplied by base-load stations, which are at 

present largely under used. Therefore BEV charging would have a proportionally small 

effect on the increased electricity demand. 

Environmental impact27 

Electric vehicles are up to 40% more energy eff icient than ICE petrol vehicles on an 

urban drive-cycle. This is because electric power-trains are well suited to stop-start, 

low-speed operation and use almost no energy when stationary. BEVs can also use 

regenerative electrical braking to recover up to 20% of the energy usually lost during 

vehicle braking. 

Assuming the average UK generating mix (year 1996/97), the li fecycle data shows 

that CO and HCs are significantly reduced for the passenger car and bus (DTI 2000). 

While NOx and particulates are reduced as compared to heavy-duty diesel operation, for 

light-duty vehicles, li fecycle particulates, NOx and SOx (sulphur oxides) emissions are 

significantly increased.28 The benefits of BEVs to urban air quality are two-fold; 

lowering the overall  emissions and removing the emissions away from highly populated 

urban areas. All grid-electric BEVs show a significant reduction in li fecycle CO2 

emissions. Using a diesel baseline, the car and bus data show reduction in greenhouse 

gases of around 25% and are predicted to further improve with the introduction of 

                                                 
27 The BEV is essentially a zero-emission vehicle. Therefore, to compare electricity with other transport 
fuels on environmental grounds we need to make the comparison on a li fecycle basis. As electricity is 
produced from a number of energy sources, we need to consider these primary sources if we are to be 
able to analyse the full i mpacts of BEV operation. As of 1995, the average fuel mix included coal, 
nuclear, oil , hydro and gas (and other fuels). Since then, the proportion of coal has fallen and been 
replaced by cleaner fuels such as is used at the high eff iciency Combined Cycle Gas Generation (CCGT) 
gas fired stations. 
28 Comparison basis: Peugeot 106 Electric cf. Vauxhall Astra 1.4i gasoline; 12m electric bus cf. Euro 2 
diesel Olympian bus; 1997 UK generating emissions mix (DTI 2000). 
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cleaner generating plant.29 Note that if renewable electricity is used then both regulated 

and greenhouse gas emissions are zero on a lifecycle basis.  

Economic impact 

BEVs cost approximately 50-100% more than their conventional counterparts. For 

example, the initial purchase cost of a Peugeot 106 electric is £14,000 to which a 

monthly battery leasing cost of around £60 must be added (Lane 1998a). If the battery is 

purchased outright, further capital will be required after around 5 years for battery 

replacement. High capital costs can be offset by low fuel costs, due to the competitive 

price of electricity and to the high eff iciency of the vehicles themselves. The result is 

that fuel and maintenance costs are reduced by around 80% and 40% respectively 

(compared to ICE vehicles) (Atkin and Storey 1998). Other investment is required for 

new infrastructure. Costs per (standard) charge point are of the order of £500-£2000, 

depending on the diff iculty of installation. Fully installed fast recharge costs are in the 

order of £7,000 per point (for on-board charging system) or in the order of £30,000 per 

point if associated with an off -board fast charger (DTI 2000). Even with low fuel costs, 

DETR modelli ng shows that BEVs are significantly more expensive over the li fetime of 

the vehicle. This is a significant barrier to the introduction of BEVs. However, private 

costs can be reduced with 50% PowerShift capital grants.  

2.2.5 Hybr id Electr ic Vehicles30 (HEVs) 

In Japan, the Toyota Prius ̀ gasoline-hybrid' has been on sale since 1997 and the 

company launched the European version in 2000 (see Figure 2.5). Hybrid passenger 

cars have also been launched by Honda (the Insight and Civic), and are being developed 

                                                 
29  From 1993 to 1998, the trend was towards a cleaner and more eff icient UK generating mix, with an 
increasing fraction of Combined Cycle Gas Generation plant and renewables. Over this period, CO2 
emissions fell from 170 to 135 gms/MJ electricity supplied. Further reductions are expected.  
30 This section focuses on hybrid electric road vehicles. However, it should be noted that diesel-electric 
technology has already been successfully used for rail and heavy-duty off -road applications. 
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by other manufacturers including Nissan, Audi, Renault, Peugeot and Volkswagen. 

Hybrid bus and truck hybrid vehicle projects are also underway in many European 

cities. Although less developed than the hybrid car market, heavy-duty hybrids are 

likely to be commercially available by 2005 (Atkin and Storey 1998; DTI 2000). 

Figure 2.5 : Toyota Pr ius hybr id car  
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Vehicle technology 

The ICE vehicle can be combined with a battery electric traction system in what is 

called a ©hybrid electric© vehicle. A ©series© hybrid uses a small ICE to generate 

electricity, which powers an electric motor, so providing electric drive. In a ©parallel© 

hybrid, the wheels can be either directly powered by the engine or from a battery 

powered electric drive-train. The principle underlying all hybrid vehicles is that the use 

of an energy buffer (e.g. battery, ultra capacitor, etc.) enables the main power unit to be 

operated at close to maximum eff iciency. When engine loading is low, the excess 

energy is stored for later use. When loading is high, the main power unit and the energy 

buffer work together to deliver the required power. Regenerative braking can also be 

employed to reduce overall energy use. In this way, HEVs provide significantly 

improved fuel economy and reduced emissions.  

Although several fuel-engine-drive-train combinations are possible, the hybrids that 

have been first to reach the marketplace are ©gasoline hybrids©. These are essentially 

electrically assisted ICEs fuelled by conventional petrol fuel. In general, hybrids require 

high power batteries with a smaller energy capacity than are required by BEVs.31 On 

average, hybrids cars© battery mass comprises only 12-18% of the vehicle's kerb mass 

as compared with around 30-35% for BEVs. If considering its battery weight, the Prius 

is an 83% gasoline and 17% electric car. It can also be considered as 37% electric, since 

20% of the total energy consumption is regained by the regenerative braking system 

(Maruo 1997).  

A technical breakthrough in hybrid technology occurred in the 1990s with several 

auto manufacturers developing HEVs to prototype stage. However, hybrids are still at 

an early stage of development and, as yet, there has been no convergence of 



 72  

technologies onto one dominant system design. As of 2001, equal numbers of series and 

parallel systems are in or close to production. This reflects the trade off between 

improved fuel economy of parallel systems as compared to the potentially lower overall 

emissions that can be achieved by series designs. Generally, there seems to be a 

consensus that parallel hybrids will dominate the market initially followed by series 

designs (Maruo 1998). Cleaner fuels may very well fuel future HEVs, but the first 

generation of commercially available hybrids are powered by petrol or diesel fuel. 

The great advantage of hybrid vehicles is that they require no change in fuel or 

infrastructure. As the range and performance of hybrid vehicles is equivalent or better 

than current ICE counterparts, in principle, there exist no restrictions on the applications 

for which they can be used. Hybrid vehicle technology, therefore, possesses great 

potential to become the standard automotive technology during the coming decade. 

The following data ill ustrates the initial positive market response to hybrids. 

Although only 323 Prius cars were sold in 1997, by 2001, sales were over 26,000 (1,000 

in the UK) resulting in a global population of almost 77,000 vehicles (Toyota 2001). In 

the first 30 days following the launch of the Prius, Toyota received over 3,500 orders, 

more than triple the original sales projections. Toyota is producing over 2,000 cars per 

month, a number that exceeds the total annual sales of BEVs within the whole of 

Europe (DTI 2000). A particularly prestigious sale is the delivery of over 300 Prius cars 

to the City and State of New York for local authority use (IrishCar 2001). 

Environmental impact 

All regulated (vehicle) emissions are significantly reduced for a petrol hybrid passenger 

car as compared to a petrol ICE vehicle. The reductions are CO (40-80%), HC, (up to 

70%) and NOx (40-70%) (DTI 2000). No data is available regarding particulate 

                                                                                                                                               
31 This eliminates all but three candidate technologies: lead-acid, nickel metal-hydride and lithium-ion 
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emissions, but a significant reduction is expected. Moreover, the regulated emissions 

analysed show that a Prius already meets Euro 4 standards. Significant reductions for a 

hybrid-bus are also predicted. 

On a European drive cycle, data shows that the Prius achieves a fuel economy 4.7 

lit res/100 km (60 mpg) (DTI 2000). Compared to an equivalent ICE vehicle, this 

represents an improvement of around 30% and results in a similar reduction in vehicle 

CO2 emissions. This finding is supported by research conducted by the National 

Renewable Energy Laboratory (NREL), which has been conducted into the fuel 

economy benefits of hybrids. The US study used a vehicle performance simulator to 

compare diesel ICE vehicles with series and parallel hybrid versions using diesel and 

advanced lead-acid battery technology (Cuddy and Wipke 1998). The results from the 

study suggest that both hybrid versions are more fuel-eff icient than the conventional 

diesel vehicle. On urban drive cycles, the series and hybrid vehicles showed an 

improvement of 26% and 30% respectively. On combined urban and highway modes, 

the reductions were 18% and 24% respectively. This is comparable to the predicted fuel 

eff iciency improvements of the Prius. 

To ill ustrate the full potential of hybrid electric technology, it is informative to 

consider the Hybrid Honda Civic 5-seater car launched in 2001. This employs Honda's 

continuously variable automatic transmission and uses a lean-burning 1.3-lit re 63kW 

engine reported to achieve 3.4 lit re/100 km (82 mpg).32 If independently confirmed, this 

represents the best fuel economy in the world for a 5-seater petrol powered production 

vehicle (Clean-Vehicles 2001). 

 

Economic impact 

                                                                                                                                               
(DTI 2000). 
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The 2001 price of the Prius in the UK was £16,430 (Toyota 2002). This compares with 

an equivalent Toyota petrol car (the Carisma) costing around £13,000. However, HEVs 

provide the potential for reduced fuel costs offsetting the higher capital cost. The 

reduction of fuel use by 30% translates directly to a fuel cost saving of the same 

amount. This is ill ustrated by the decision of the Japanese company Heiwa who 

replaced all 260 vehicles of its company fleet with the hybrids, the decision being based 

on a projected fuel saving of over £240,000 over a three-year period (AEA 1998). With 

£1000 capital grants available from the UK's PowerShift programme, DETR modelli ng 

shows that petrol hybrids can reduce li fetime costs as compared to an ICE baseline (DTI 

2000). 

 

2.2.6 Fuel Cell Vehicles (FCVs) - Engine Technology 

Hydrogen gas is highly combustible and releases large amount of energy per unit mass 

(120 MJ/kg).33 The gas has the highest energy-to-weight ratio of all fuels with 1 kg of 

hydrogen containing the same amount of energy as 2.1 kg of natural gas or 2.8 kg of 

petrol (HyWeb 2001a). Used within an ICE,34 the combustion products of hydrogen are 

water vapour and small amounts of NOx (due to the presence of atmospheric nitrogen). 

However, stored hydrogen can be converted to other forms of energy more eff iciently 

via a catalytic process using a fuel cell . The only reaction products are water vapour, 

heat and electricity.  

                                                                                                                                               
32 Based on in-house measurements on the Japanese 10-15 mode. 
33 This compares to 42 MJ/kg for petrol. 
34 A prototype fleet of 10 cars with internal combustion engine drive-trains and metal hydride storage was 
in service from 1984-1988 (Daimler-Benz in Berlin). Prototype cars with liquid hydrogen storage and 
internal combustion engine have been under test for 15 years (BMW). Since the 1980s Mazda has been 
testing vehicles with Wankel (rotary) engines and metal hydride storage (HyWeb 2001). 
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Principle of the fuel cell  

Fuel cells are electrochemical devices that convert the potential energy stored in 

chemical form directly into heat, water and electrical energy. The principles of fuel cells 

are similar to those of an electric cell i n that energy conversion is taking place between 

the reactants to produce electricity. However, unlike a battery, the fuel cell does not 

store the chemical energy, the reactants (fuel and oxidant) having to be continually 

supplied to the cell for an electric current to be produced. The fuel cell i s therefore more 

versatile than the electric cell i n two ways: 

(1) It can continue to produce electricity as long as the reactants are available; 

(2) Its design maximises its energy conversion characteristics without also having to be 

optimised for energy storage eff iciency. 

The anode and cathode of a fuel cell are separated by an electrolyte that allows the 

transfer of ions, but physically separates the fuel and oxidant. This prevents the 

exchange of electrons that would be required for a non-catalytic chemical reaction to 

occur. When the reactants are fed into the cell , chemical reactions take place. The main 

charge carriers (usually H+) cross the electrolyte and the electrons are transferred via an 

external circuit (see Figure 2.6). The electric current produced can be used to drive a 

motor or other external load. The fuel normally used is hydrogen or a hydrogen-rich 

energy carrier (supplied to the anode) and the oxidant can either be pure oxygen or air 

(supplied to the cathode). Single cells typically generate around 0.8 V with a power 

output of up to 100 W. Larger outputs are achieved by assembling cells in series or 

parallel to form ̀ stacks' which have the required voltage and output characteristics.  

Being a heat engine, the maximum eff iciency of an internal combustion engine is 

limited by the Carnot eff iciency, based on the law of thermodynamics. This states that 

the maximum possible eff iciency of using two heat reservoirs at temperatures T1 and T2 
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(measured in Kelvin) is given by ratio (T1 - T2 )/T1 . In practice, this means that petrol 

and diesel engines typically achieve average energy conversion eff iciencies of around 

15% (Hart and Bauen 1998a). In contrast, fuel cells are not limited by thermodynamics, 

which means that, in principle at least, they are able to achieve higher conversion 

eff iciencies than heat engines. Although there are losses within a fuel cell that arise due 

to ohmic resistance of the cell components, eff iciencies of up to 80% have been 

demonstrated in the laboratory (Lemons 1990). 

Figure 2.6 : Electrode reactions in a hydrogen-oxygen fuel cell  
 

 

 

 

 

 

 

Types of fuel cell  

Several fuel cell types have been developed, each being characterised by the electrolyte 

used, operating temperature and fuel gas quality required (see Table 2.2). Low-

temperature fuel cells (80-200oC) include the Alkaline Fuel Cell (AFC), the Solid 

Polymer Fuel Cell (SPFC), also known as the Proton Exchange Membrane Fuel Cell 

(PEMFC), and the Direct Methanol Fuel Cell (DMFC). Due to the relatively low 

temperatures within the cells, these usually require a catalyst at the anode to promote 

the necessary reactions taking place. High temperature fuel cells (650-1000oC) include 

the Molten Carbonate Fuel Cell (MCFC) and the Solid Oxide Fuel Cell (SOFC).  
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Each type of fuel cell i s associated with a complex set of benefits and 

disadvantages, which, to some extent, determines to which applications they are most 

suited. Compared to the other low-temperature types, the AFC is relatively cheap to 

construct and is tolerant to carbon monoxide in the fuel-feed. However, the cell i s 

intolerant to carbon dioxide and the electrolyte is strongly corrosive which makes it 

unsuitable for use in some sectors (e.g. automotive). Though the SPFC provides high 

current densities and is proven over long periods of operation, it requires high levels of 

(expensive) catalyst loading and careful water management within the cell . PAFCs are 

technologically well advanced and already ©commercially© available in small numbers, 

though their eff iciencies are relatively low and li fetimes are limited. In principle, 

DMFCs enable the utili sation of a liquid fuel, which would be of great use for vehicle 

applications. However, they are not as well developed as the other fuel cell types. 

Although MCFC and SOFC cells are well advanced towards commercialisation, their 

high temperatures restrict their use to stationary applications (Hart and Bauen 1998a). 

Table 2.2 : Characteristics, status and applications of types of fuel cell  
Fuel Cell 

Type Abbr. Electrolyte &  
(charge carr ier) 

Temp 
(oC) 

Typical 
Eff (%) Status Potential 

Applications 
Proton 

Exchange 
(Solid 

Polymer) 

PEMFC 
(SPFC) 

Sulphonic acid 
incorporated into 
a solid polymer 
membrane (H+) 

70-90 32-40 

Pre-commercial field 
testing (kW scale) 

including prototype 
vehicles 

Transport, CHP, 
Distributed Power 

Generation 

Alkaline AFC Potassium 
hydroxide (OH-) 70-90 55-60 

©Commercial© space 
applications, Pre-

commercial field testing 
(kW scale) including 
prototype vehicles 

Space, Transport 

Direct 
Methanol DMFC 

Sulphonic acid 
incorporated into 
a solid polymer 
membrane or 
sulphuric acid 
solution (H+) 

70-90 35-40 Laboratory test and 
company development 

Transport, 
Distributed (remote) 
Power Generation 

Phos- 
phoric 
Acid 

PAFC Phosphoric acid 
(H+) 150-210 36-45 

Already 200 kW 
commercially available 

(low volume 
production) 

Transport, CHP, 
Distributed Power 

Generation 

Molten 
Carbonate MCFC Molten lithium 

carbonate (CO3
=) 550-650 50-60 Field testing (250kW-

2MW scale) 

CHP, Power 
Generation, ship 

propulsion 

Solid 
Oxide SOFC A ceramic, solid 

oxide (O=) 
700-
1100 50-55 Laboratory and field 

testing (100kW scale) 

CHP, Power 
Generation, ship 
propulsion, trains 

Sources: Adapted from Hart and Bauen 1998a, p14; Haydock 2000 and DTLR 2001b 
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Box 2.1 : Shor t History of the Fuel Cell  
 

The fuel cell first dates from 1802 when Sir Humphrey Davy constructed a simple cell , which used a 
carbon-oxygen reaction to create a small electric shock. The invention of the fuel cell i s attributed to Sir 
Willi am Grove who, in 1839, discovered (by accident) that if he reversed a water-electrolysis experiment, 
an electric current could be generated. Using platinum electrodes in a sulphuric acid electrolyte and a 
hydrogen fuel feed, with 26 cells he was able to produce enough current to re-electrolyse water in a 
second electrolysis cell; i n his own words, "effecting the decomposition of water by means of its 
decomposition...(which) exhibits such a beautiful example of the correlation of natural forces" (Appleby 
1990).  
 

The term fuel cell  was first coined and a device constructed in a design we would recognise today in 1889 
by Mond and Langer who used impure coal gas as the fuel-feed. Indeed, it is the potential to generate 
electricity from coal that was the first driver of fuel cell technology. The acid electrolyte cell achieved 3.5 
mA/cm2 of electrode, which is of the order of 100 times less than today©s achieved current densities. 
Jacques who, in 1896, constructed the first fuel cell to generate electricity for domestic use carried out 
further development. These phosphoric acid cells delivered 1.5 kW and later 30kW with current densities 
of 100 mA/cm2. Their rationale throughout was to help achieve a "smokeless London" (Appleby 1990; 
Hart and Bauen 1998a, pp24-28).  
 

Problems associated with the corrosive nature of the acidic solutions led researchers to look for other 
more stable electrolytes. In the 1920s, Baur developed the first molten carbonate fuel cell which operated 
at 1000oC. In England in 1932, F.T. Bacon started to develop an alkaline fuel cell with a rationale to use 
only cheap and readily available materials; presumably to reduce costs with a view to mass production. 
His design used porous nickel electrodes and a hot (200oC) aqueous potassium hydroxide electrolyte to 
promote the reaction. To maintain electrolyte invariance, he decided against the use of carbonaceous fuels 
preferring hydrogen and opted for a pure oxygen as the oxidant. At 45 atms pressure, his cell achieved 1 
Amp/cm2, which compares well to current densities of today©s cells. Bacon©s work continued into the 
1950s when his research team successfully demonstrated a 5kW 200oC, 5MPa AFC that was used to 
power a welding machine, circular saw and a fork-li ft truck. At about the same time, Harry Ihrig of the 
Alli s-Chalmers Man Co demonstrated a 15kW AFC powered tractor, one of the first examples of a fuel 
cell vehicle (Hart and Bauen 1998a, p26).  
 

The 1960s saw the first significant technological niche for the fuel cell (see Chapter 3 for a discussion of 
niches). This was as a power source in the space industry where hydrogen was in common use as a fuel, 
zero-emissions were required for on-board operation and cost was no object. Other advantages were that 
the fuel cells had no moving parts, required littl e maintenance, provided better power densities than 
batteries and also provided potable water for the crew. The first fuel cell used were SPFCs developed by 
General Electric for the Gemini Earth orbiting satellit es. Being at a more advanced stage of development, 
the AFC design developed by Bacon was chosen for the first manned missions. From 1960-1965, Pratt 
and Whitney in the US produced the 1.5kW PC3A-2 fuel cell stack for the early Apollo missions which 
supplied the astronauts with electricity and drinking water. Subsequent cells made for the Space Shuttle 
flights in the 1980s-1990s achieved power densities around 20 times those achieved by the PC3A-2 
(Lemons 1990, Hart and Bauen 1998a pp26-27).  
 

Further to the fuel cell vehicles built by Bacon and Ihrig, the 1960s saw a number of transport 
applications. These included a 200kW fuel cell developed by the Swedish company for use in a 
submarine, a demonstration motor boat built by Varta AG and Siemens AG in Germany, a Shell Ltd 
20kW fuel cell used to power a truck (which included an on-board fuel reformer) and General Motor©s 
liquefied hydrogen-oxygen fuelled Electrovan which was powered by a 5kW Union Carbide fuel cell 
(Hart and Bauen 1998a, p33). In the 1970s, interest was again renewed in the fuel cell l argely due to the 
sharp rises in world oil prices. The following decade saw further designs such as the hydrogen-fuelled 
hybrid AFC-battery passenger car developed by Karl Kordesch which was a converted Austin A40, used 
roof-mounted compressed hydrogen tanks, could be refill ed in 2 minutes (using a fast-fill system) and 
was capable of 300km range (Hart and Bauen 1998a, p55). In1972, Siemens and Elenco (a Dutch 
consortium), began to develop fuel cell both for the fledgling European Space Agency and for an alkaline 
hydrogen-air hybrid bus. However, the interest for terrestrial transport application of fuel cells declined in 
the 1980s as the fuel crises of the 1970s receded. It was not until the 1990s that interest was renewed, this 
time with a focus on the environmental benefits that fuel cell could provide. In the intervening time, the 
interest in AFCs has become focused on space and submarine applications and the expectations for 
PAFCs has significantly reduced, largely due to the rapid development of the SPFC, not used since the 
Gemini missions, which now look more promising for the use with fuel cell road transport (Hart and 
Bauen 1998a, p33).  
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Fuel cell automotive applications 

Fuel cells used for mobile applications need to have a power density and response time 

comparable or better than the ICE. Therefore the minimum parameters are a power 

density of around 1kW/kg and (for private car market) a start-up time measured in 

seconds. Weight considerations and the need for a fast response time immediately 

eliminates all high-temperature cells for use in automotive applications and limits the 

main contenders to the low-temperature types. 

Since the 1990s, the fuel cell , which is thought by most analysts35 to have the 

greatest potential for mobile applications, is the PEM fuel cell . The principal advantage 

of the PEM for transport applications is the abilit y to operate at relatively low 

temperatures, which reduces start-up times. This cell type is "considered the first choice 

for both cars and buses. Its key features are it high power density, its potential for low 

cost manufacture and its acceptable tolerance to impurities such as carbon monoxide 

and carbon dioxide" (Haydock 2000). Solid polymer electrolyte materials such as 

Nafion (related to Teflon) also eliminate the safety considerations associated with liquid 

acid and alkali electrolyte cells. 

The PEM cell uses highly conducting electrodes made of graphite, which form the 

terminal of each cell and separate adjacent cells in the stack. The electrodes are grooved 

to allow easy passage of the gases to the ©surface of action© while also maintaining 

electrical contact with the electrolyte-catalyst-gas interface. At the anode, hydrogen is 

catalytically disassociated to leave hydrogen ions. An external circuit conducts electrons 

while the positive ions (protons) migrate through the electrolytic membrane to the 

cathode. There they combine, again under action of a catalyst, with oxygen and 

electrons returning from the external circuit to form water.  

                                                 
35 This will be discussed in more detail i n Chapter 4, sections 4.1 and 4.3. 
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Figure 2.7 : Cross section of planar PEM fuel cell  
 

 

 

 

 

 

 

 

PEMs are not the only fuel cells being developed for transport applications. 

Minority interests are developing phosphoric acid and alkaline fuel cells for buses, the 

latter being demonstrated in a London Taxi and a utilit y vehicle (ZeTek 2001). 

Although AFCs are an established technology and relatively cheap to manufacture, they 

are carbon dioxide intolerant, which means that an on-board ̀ scrubber' must be fitted to 

the vehicle. Therefore, their use for the automotive sector is li kely to be limited to the 

short-term while PEMs are being fully developed. For the longer-term, the DMFC is 

attracting much interest as it offers the possibilit y of using a liquid fuel without first 

converting it to hydrogen. However, as of 2001, it remains at the laboratory stage 

(Haydock 2000).  

The early PEM cell had several limit ations. The amount of platinum required was 

large (over 4 mg/cm2), making the cells very expensive and the catalyst was also easily 

poisoned by carbon monoxide (at levels of 20 ppm by volume). There were also 

technical problems in controlli ng the humidity of the electrolyte to maintain optimum 

performance (Lemons 1990). However, there have been several significant advances in 

the development of the cell over the last decade. These involved progress towards and 
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beyond the US Department of the Environment©s goals of 1 kW/lit re and 1kW/kg, 

considered to be the minimum fuel cell performance parameters for the construction of 

a viable fuel cell vehicle. Platinum catalyst loading has also been significantly reduced 

by two orders of magnitude to well below 0.2 mg/cm2.36 Mass-production costs are 

predicted to be as low as £35/kW, which increases the marketabilit y of a fuel cell 

vehicle (Thomas et al. 1998). 

Figure 2.8 : First generation Ballard fuel cell bus 
 

 

 

 

 

 

Companies such as Ballard Power Systems in Canada have been quick to see the 

potential for clean transport technologies and are now world leaders in their field. 

Ballard developed the world©s first fuel-cell bus and have collaborated with 

DaimlerChrysler and Ford on the Necar (New Electric Car) demonstration and testing 

programme. Although no PEMFC vehicles are commercially available (as of 2001), the 

Ballard-DaimlerChrysler-Ford partnership aims to market a fuel cell car by 2004. 

Further development of fuel cell buses is also taking place with commercial bus engine 

sales to commence in 2002. These and other significant vehicle tr ials will be 

discussed in greater detail i n Chapter 4. 

                                                 
36 This translates to a fuel cell car requiring around 20mg platinum as compared with around 1mg for a 
three-way catalytic converter. 
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2.2.7 Fuel Cell Vehicles (FCVs) - Fuel Scenar ios 

While there is a high degree of convergence regarding which type of fuel cell i s most 

suitable for road transport applications, the same cannot be said for the fuel supply 

system. This is primarily because of the large number of energy conversion routes that 

could, in principle, be used to deliver hydrogen (or hydrogen carrier) to the fuel cell . 

Like electricity, hydrogen is a secondary fuel and must therefore be produced from 

primary energy sources. Furthermore, the on-board storage of hydrogen is by no means 

technically simple. This requires compression, liquefaction or the use of other 

techniques to achieve suff icient energy density for adequate vehicle range.  

From a theoretical viewpoint, the fuel options can be categorised according to the 

location of primary energy to hydrogen conversion. This can occur in one of the 

following four scenarios (which are summarised in Table 2.3): 

Scenar io 1 ± hydrogen is produced at a central location. The hydrogen gas is then 

distributed using road tankers (in liquefied form or cylinder) to fuel stations where it is 

compressed and stored ready for use by a hydrogen fuel cell vehicle. 

Scenar io 2 ± a hydrogen carrier37 fuel is produced at a central location and 

distributed to fuel stations where it is processed to produce hydrogen on-site. The 

hydrogen is then compressed, liquefied and stored ready for use by a hydrogen fuel cell 

vehicle. 

Scenar io 3 - a hydrogen carrier fuel is produced at a central location and distributed 

to fuel stations. The fuel is then stored ready for use by a fuel cell vehicle that processes 

the fuel on-board to provide hydrogen for a hydrogen fuel cell . 

Scenar io 4 - a hydrogen carrier fuel is produced at a central location and distributed 

to fuel stations. The fuel is then stored ready for use by a fuel cell vehicle that uses the 

fuel directly to fuel a non-hydrogen fuel cell . 

                                                 
37 A hydrogen carrier fuel is defined here as any non-hydrogen fuel which can be used to generate 
hydrogen on demand. 
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Table 2.3 : Well -to-cell energy scenar ios for fuel cell vehicles 

 Energy Source Energy Transfer Hydrogen Vehicle 

Scenar io 1 
Centralised Production 

of H2 from Pr imary 
Energy Source 

Distr ibution of 
Hydrogen 

On-Board Hydrogen 
Storage & Hydrogen Fuel 

Cell  

 
Scenar io 2 

 

 
Non-Hydrogen 

Pr imary Energy Source 
 

Distr ibution of 
Hydrogen Carr ier and 

Conversion to H2 

On-Board Hydrogen 
Storage & Hydrogen Fuel 

Cell  

 
Scenar io 3 

 

 
Non-Hydrogen 

Pr imary Energy Source 
 

Distr ibution of 
Hydrogen Carr ier 

On-Board Conversion of 
H2 Carr ier to H2 for use in 

Hydrogen Fuel Cell  

Scenar io 4 Non-Hydrogen 
Pr imary Energy Source 

Distr ibution of 
Hydrogen Carr ier 

Use of Hydrogen Carr ier 
in 

Direct Fuel Cell  

 

Scenarios 1 and 2 have in common the off -board production of hydrogen from a 

primary energy source. They differ only in the site (and scale) of hydrogen generation. 

Given that the general principles of hydrogen production are the same for both 

scenarios, they are discussed together in the next section. The cost and emission benefits 

of each option will be discussed in more detail i n Chapter 4. 

Scenarios 1 and 2 

The use of hydrogen as a fuel is not new. ̀ Coal gas' or `town gas', which is at least 50% 

hydrogen, has been used extensively throughout the industrial nations and preceded the 

use of natural gas in North America and Europe. Around 2% of world energy supplies 

are already converted to hydrogen gas for use in the chemical and petrochemical 

industries (Boyle 1996). This is equivalent to over 500 billi on Nm3 hydrogen per year. 

The gas is currently used for the chemical synthesis of ammonia, ethylene and methanol 

and in the desulphurisation and hydrogenation of fossil fuels (HyWeb 2001). The 

largest merchant hydrogen producer Air Products plc alone owns and operates over 50 

plants worldwide producing over 9 billi on Nm3 hydrogen per year (Spilsbury 2001). 

Therefore, a great deal of experience has already been gained regarding hydrogen 

production, storage and distribution.  
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Hydrogen production methods  

One of the great strengths of the hydrogen economy is that the gas can be produced 

from almost any primary energy source. In this sense, hydrogen is the ©Esperanto of 

energy©. Fossil fuels, which can be considered as hydrogen carriers, can be converted to 

hydrogen via a number of well -understood processes that are already widely used to 

provide hydrogen to the chemical industry. Renewable energy in the form of electricity 

or biomass can also be used to produce hydrogen (via electrolysis or gasification) using 

established techniques. Renewable hydrogen can be used to generate electricity on-

demand so creating a non-carbon based, closed renewable energy cycle. Used in a fuel 

cell vehicle, this could potentially provide road transport with zero-emissions on a 

li fecycle basis.38 

Several large-scale processes have been developed for the production of hydrogen 

from fossil fuels, other carbonaceous feedstocks (such as, methanol, ethanol, and 

biomass) and from water39 (Ledjeff -Hey et al. 2000; Ahmed and Krumpelt 2001). The 

main processes are steam reforming, thermal decomposition, partial oxidation, 

gasification and electrolysis, processes which are described below.40  (These are 

summarised in Figure 2.9.) 

 Steam Reforming (SR) - If a carbonaceous fuel is reacted with steam under 

pressure in the presence of a catalyst, hydrogen, carbon monoxide and carbon dioxide 

are produced. The primary reaction is strongly endothermic and the fuel feedstock is 

usually used to provide process heat (up to 30% of energy content of feedstock fuel is 

used in the conversion). Steam reformers are well suited to long periods of steady state 

                                                 
38 Note that water vapour is produced. 
39 Note that energy is required to produce hydrogen from water, which should not be considered as the 
`fuel'.  
40 As low-temperature fuel cells are largely intolerant to carbon monoxide and/or carbon dioxide (max 
limit of 10ppm), the product stream produced by these hydrogen production processes needs to be 
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operation and produce a high concentration of hydrogen (over 70%). However, the 

reactors are limited by heat transfer and are therefore large and heavy and not 

particularly suited to mobile applications. The steam reforming of natural gas is the 

most widespread method for the commercial production of hydrogen due to the primary 

fuel©s high availabilit y and high hydrogen-carbon ratio. Over 80% of all hydrogen is 

produced using this process (Spilsbury 2001). Although steam reforming works most 

eff iciently for light hydrocarbons, other fossil fuels and biogas can be reformed, the 

choice of fuel being only limited by the its boili ng point and aromatic content.  

Par tial Oxidation Reforming (POX) is a process in which a carbonaceous fuel is 

reacted with a limited amount of oxygen to produce a hydrogen-rich gas and carbon and 

nitrogen oxides. The initial reaction is strongly exothermic which means that the process 

is potentially energy eff icient. As carbon monoxide can be present in the reformer 

products (up to 1%), this needs to be removed before the gas produced can be used 

within a fuel cell . Partial oxidation reactors are being developed to reform heavier 

hydrocarbons including petrol. 

Autothermal Reforming (ATR) combines the partial oxidation and steam 

reforming reactions by reacting the fuel, steam and oxygen at the same time. The 

process, which requires the presence of a catalyst, is energetically advantageous as the 

endothermic reformer reaction absorbs part of the heat generated by the oxidation 

reaction so lowering reaction temperatures. As the reactor temperature is proportional to 

process fuel use, less feedstock fuel is used for process heating. 

Gasification of solid carbonaceous matter can be achieved by reacting the 

feedstock fuel with steam and oxygen at temperatures over 1000 K at a pressure of 0.1-

2.5 MPa. The reaction is either via partial oxidation in the presence of excess oxygen or 

                                                                                                                                               
purified. This is achieved using one of the established techniques which include water gas shift reaction, 
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via pyrolysis (endothermic). In practice both reactions occur with the energy required 

for pyrolysis being provided by the oxidation reaction. The product gas is a mixture of 

hydrogen, carbon monoxide and other combustibles such as methane (syngas). Up to 

60% of biomass material can be converted directly to gaseous form with as littl e as 10% 

left as residue. Plants for the gasification of coal have been developed for large-scale 

hydrogen gas production and the process is suited to producing hydrogen from any 

source of biomass (Johansson et al. 1993, p886).41 

Electrolysis - Hydrogen gas can be produced from water using fossil fuel, nuclear 

or renewably generated electricity via electrolysis.42 The electrolytic decomposition of 

water takes place in a two-stage reaction occurring at the surface of the electrodes 

immersed in an ion-conducting electrolyte (usually alkaline). Hydrogen gas is produced 

at the cathode and oxygen at the anode. In order to keep the product gases isolated, an 

ion-conducting separator separates the two reaction areas. Low-pressure electrolysis 

units have been designed for 1kWe-125 MWe operations and have demonstrated overall 

eff iciencies of around 65%. Hydrogen produced using this method is of very high purity 

(over 99%) and requires littl e or no purification before use. Although electrolysis of 

water has been used to produce hydrogen commercially for over 80 years (mainly for 

the production of fertili ser), it still only accounts for around 0.1% of world production. 

This proportion has declined over the past decade due to the low price of natural gas, 

which favours the use of steam reforming. As a result, the main use of this method of 

producing hydrogen is in countries that have plentiful supplies of low-cost electricity 

(such as hydroelectric) (HyWeb 2001). 

                                                                                                                                               
methanation and pressure swing adsorption. These processes are not discussed further in this thesis. 
41 Biomass can be used as a feedstock for synthesis gas which can be reformed to hydrogen in the 
conventional way. This opens a new route for the conversion of renewable energy to hydrogen. Studies 
collated by ETSU report that "biomass as a raw material for hydrogen could be 30% cheaper than 
natural gas". The report also notes "hydrogen from landfill gas could be competitive with hydrogen from 
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According to Spilsbury, future capital costs for steam reformers are predicted to 

reduce (eff iciency remaining high) and the gasification eff iciency for heavy 

hydrocarbons will im prove. As renewables become more available over the coming 

decades, interest in pyrolysis and gasification of biomass will i ncrease as will i nterest 

the use of electrolysis for hydrogen production (Spilsbury 2001).43  Small natural gas 

reformers will be developed for decentralised production of hydrogen at point-of-use 

(HyWeb 2001). 

Figure 2.9 : Main energy conversion processes for the production of hydrogen 

 

If hydrogen fuel is produced within the context of scenario 1, a high level of 

engineering work would be required to develop a hydrogen fuel infrastructure. To 

distribute the gas from production centres to point of use, hydrogen would have to be 

distributed either in its gaseous form or as a liquid by road tanker, ship or pipeline. 

Much worldwide experience has already been accumulated regarding hydrogen 

distribution. For example, hydrogen is routinely transported by road in compressed form 

using steel bottles at 20 MPa, each vehicle carrying 2400-3600 Nm3 and liquefied 

hydrogen is carried using 5000 lit re capacity road-tankers (HyWeb 2001).  

Extensive hydrogen storage faciliti es and pipeline networks have also been 

developed. Stationary hydrogen storage systems are routinely used by NASA (liquid H2, 

                                                                                                                                               
natural gas" (ETSU 1997). However, no commercial off -the-shelf systems are currently available and 
therefore, these options are not considered for this thesis. 
42 This is, in essence, the reverse of the process that occurs within a fuel cell . 
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3,000 m3) and ICI (gaseous H2, underground storage in caverns, UK). Pressurised gas 

pipelines have been in use for over 50 years in Germany (2.0-2.5 MPa, 315 km) since 

1966 in France and Belgium (Air Liquide, 6.5-10 MPa, 290 km) and in the USA 

(several pipelines for liquid hydrogen each up to 40 km) (HyWeb 2001). In the UK, the 

existing natural gas grid could also be used to distribute hydrogen. Though pure 

hydrogen causes embrittlement in some metals, a 10% hydrogen-natural gas blend has 

been proposed which would overcome this problem. 

In spite of the experience within the chemical industry, there are still only around 

10 hydrogen-refuelli ng stations worldwide, according to a research paper by the 

Worldwatch Institute (Chicago Tribune 2001). As of 2001, these included public 

access44 stations in Hamburg and in Munich airport, depot-based faciliti es supporting a 

fuel cell bus fleet in Chicago and Vancouver and a small hydrogen refuelli ng station for 

experimental fuel cell vans in London (HyWeb 2001). However, the number of 

hydrogen stations is li kely to increase with the implementation of several fuel cell bus 

and car demonstration programmes in the USA, Europe and the Far East (see Box 2.2). 

These trials include the CUTE fuel cell bus programme, which will demonstrate 30 fuel 

cell buses in several European countries during 2002-2003 (see Chapter 4 - section 

4.1.4). 

                                                                                                                                               
43 Other less developed methods are being considered for hydrogen production at all scales. These 
include the thermal dissociation of water, use of bacteria to directly convert solar energy to hydrogen and 
the action of sunlight on sili con.  
44 There are no reports of use by members of the public as of end 2001! 
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Box 2.2 : Ar ticles on new hydrogen fuel stations in Singapore, Belgium and Germany 
 
One or two BP filli ng stations will be extended with components for the refill of hydrogen cars in 
Singapore. The total costs will be up to 3 milli on Euros. After London this will become the second 
location for a hydrogen filli ng station by BP. Around 15 fuel cell cars are to be tested in Singapore 
between 2003 and 2005 (HyWeb Nov 2001). 
 
Chart Industries announced that its Applied Technologies Division has received an award from Citensy, a 
division of Electrabel and Distrigas, to design, build and install the world©s first combined liquid natural 
gas (LNG), liquid compressed natural gas (LCNG) and hydrogen fuel station in Leuven, Belgium. The 
refuelli ng station is to be a demonstration model for Citensy©s plan to offer complete alternative fuel 
solutions for heavy-duty vehicles. Construction is scheduled to begin in early 2002 with a completion 
scheduled for the middle of the year (HyWeb Oct 2001). 
 
Germany©s fourth hydrogen refuelli ng station to be installed near Munich. A new hydrogen refuelli ng 
station is to be installed in the industry area Brunnthal-Nord near Munich. The station will serve the 
refuelli ng of a small test fleet of fuel cell buses connecting southeast localiti es and the east railway station 
of Munich. The technology will be provided by ET (Energy Technology), a company founded in 1997 by 
hydrogen experts from the space company DASA (Hydrogen Gazette 2001). 
 

 

An alternative to the central production of hydrogen is to generate hydrogen at the 

point of use. This is the option considered by scenario 2 whereby “use could be made of 

the existing natural gas network and potentially (sic) of methanol availabilit y, and 

small -scale reformers could be installed at fuelli ng stations to make hydrogen on-site” 

(AEA 1999c). Many analysts have proposed this option as the most cost-effective 

methods of hydrogen fuel infrastructure development as it makes use of the existing fuel 

infrastructure to maximum effect (Hart et al. 2000). This thesis will analyse this option 

in detail on technical and economic grounds in Chapter 4. 

On-board fuel storage options 

Hydrogen's low density has presented a technological challenge to the design of an on-

board hydrogen storage system. At room temperature and pressure, to store an 

equivalent amount of energy as contained in a typical petrol tank would require a 

hydrogen tank with around 800 times the volume. A survey of the literature shows that, 

from a technical perspective, there are three main methods (in the short-term) of on-
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board hydrogen storage. These are compressed gas, liquefied gas and metal-hydride 

storage45 (Ogden 1999; Ogden et al. 1999; Thomas et al. 2000). 

  Compression is the most cost-effective solution, the gas being stored in cylinders 

at pressures up to 30 MPa. Most commercially available cylinders are 50-lit re units 

made from steel. These are heavy and only store about 0.45 kg of hydrogen in a 70 kg 

tank (less than 1% hydrogen by weight). More advanced composite tanks (which 

incorporate lightweight materials such as aluminium or carbon fibre) are around 70% 

lighter. Composite tanks can achieve up to 3.6 MJ/kg (including fuel and tank)46  

(HyWeb 2001). However, these are still being developed for commercial markets and 

are more expensive than steel tanks (Haydock 2000). Note that energy is required for 

compression of hydrogen (approx. 120 MJ/GJ delivered) (Hart and Bauen 1998b). 

Cryogenic systems have been demonstrated which retain the low temperature 

required for hydrogen liquefaction (-253oC). This method has been developed by BMW 

for their hydrogen ICE test vehicles and by MAN for a fuel cell bus demonstration. The 

MAN bus' 190 lit re capacity tank stores 1.62 GJ hydrogen ( around 10% by weight) 

with an energy density of 16.2 MJ/kg (HyWeb 2001). Although more costly than 

compression, liquefaction provides a vehicle range comparable with conventional 

operation. The Partnership for the New Generation of Vehicles (PNGV) has concluded 

that the liquid hydrogen option is one of the prime contenders for a fuel cell vehicle for 

2004 (Thomas et al. 1998). Although the storage density is equivalent to that of 80 MPa 

compressed gas, liquefaction requires large amounts of energy to liquefy hydrogen gas, 

the energy required being about 40% of the energy stored. Also, evaporative losses from 

the tank account for around 1% energy loss per day. 

                                                 
45 The analysis only includes technologies that have the potential to be commercially viable within the 
UK marketplace by 2012.  
46 This compares with around 32 MJ/kg for petrol plus tank. 
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Metal-hydr ides are a group of alloys having properties, which provide another 

promising method of hydrogen storage. These alloys absorb hydrogen when under 

pressure, the gas becoming part of the metal©s physical structure. To release the gas, heat 

is applied and the pressure reduced. Typical energy storage densities are of the order of 

1-2% hydrogen by weight. The advantages of metal hydride storage are the low loading 

pressures (less than 10 MPa), ease of use and high level of safety. However, hydrides 

are limited by their low energy density (0.7-1.4 MJ/kg) and the complexities of the 

refuelli ng equipment, which have to transfer both fuel and heat (HyWeb 2001). 

Box 2.3 : Ar ticle on 70 MPa hydrogen storage cylinder 
 
Quantum Technologies' `TriShield' hydrogen storage cyli nder technology has achieved the highest 
compressed hydrogen storage by weight ever recorded at 11.3% at 35 MPa, and was the first all -
composite cylinder technology to quali fy for 70 MPa hydrogen storage by achieving a hydrostatic burst 
test in excess of 168 MPa.  This achievement exceeds the 2.35 safety factor requirement of 165 MPa set 
by the European Integrated Hydrogen Project regulatory body. At 70 MPa, significantly more hydrogen 
fuel can be stored in a given space than at 35 MPa, dramatically increasing the range of fuel cell vehicles.   
In June 2001, GM and QUANTUM formed a global strategic alli ance and equity partnership to 
collaborate on improving the range of GM's fuel cell vehicles through the development of hydrogen 
storage, hydrogen handling and electronic control technologies for fuel cell applications (HyWeb  2001, 
Clean-Vehicles 2001). 
 

 

To assess the viabilit y of these three storage technologies, this thesis uses the 

findings of Yamane and Furuhama who showed that a vehicle©s "fuel economy is largely 

affected by the total weight of the fuel and fuel tank… independently [sic] to the storage 

methods". Quantifying this relationship, they showed that, if a fuel tank were increased 

from the standard mass (around 50 kg) to 800 kg, this would halve the fuel economy of 

a passenger car (Yamane and Furuhama 1998). Although metal-hydrides are advanced 

in their development and have been demonstrated in a large number of on-road vehicles, 

their use is associated with energy densities well below those of compression. 

According to Yamane and Furuhama, a typical passenger car using hydride storage 

would require a 770kg system for a 200km range. In their present form, hydrides would 

therefore significantly reduce the range, fuel economy and marketabilit y of a fuel cell 
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vehicle.47 For this reason, the hydr ide storage option is not considered for fur ther 

analysis due to its negative impact on vehicle performance. The implication is that 

the two methods of on-board storage which are most developed are compression and 

liquefaction. Thomas supports this position and notes "at least two hydrogen storage 

technologies are technically and economically feasible today; 34.5 MPa compressed 

hydrogen tanks and liquid hydrogen tanks" (Thomas et al. 2000). 

Other methods of hydrogen storage are being developed. Research groups are 

investigating the use of carbon adsorption whereby hydrogen is adsorbed by carbon 

nano- or micro-fibres under pressure (Bérnard and Chahine 2001). Initial evidence 

suggests that this technique could enable storage densities of 60% by weight (higher 

than are achieved with liquefaction). Also being investigated is the high-pressure 

storage of hydrogen in glass ̀microspheres', 100 microns in diameter, which can 

withstand pressures up to 1000 MPa. Permeation of hydrogen through the glass is 

temperature dependent and the absorption or release of hydrogen can (in principle) be 

controlled by applying heat to the storage device (HyWeb 2001). However, these 

technologies remain at the development stage and are unlikely to reach production 

maturity within the time frame of the thesis. Therefore, the analysis will not consider 

these methods of hydrogen storage, but notes that, if successful, they will greatly 

enhance the introduction of fuel cell vehicles. 

                                                 
47 One factor that can explain the low number of battery electric vehicle sales is the limited range offered 
by most battery electric technologies. Many potential consumers fear (unnecessarily) "running out of 
power" and are discouraged by the "inconvenience of the non-availabilit y of the vehicle during 
recharging". This negative position has been termed Dead Battery Syndrome (Boivin and Harbeck 1994). 
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Scenario 3 

An approach that avoids the problems of hydrogen storage is to catalytically reform a 

hydrogen-rich fuel on-board the vehicle, so generating hydrogen gas on-demand. This is 

a well -understood process and is used to manufacture hydrogen from natural gas on a 

commercial scale. In principle, any hydrogen bearing fuel can be used, although simpler 

hydrocarbons are easier to reform. As on-board reformers need to have fast response 

times, fuels that can be processed at low temperatures are preferred. Of the liquid fuels, 

methanol is unique in that it can be reformed into hydrogen at around 260oC, as 

compared to 600-900oC for other fuels such as petrol, ethanol, natural gas, and propane 

(Thomas et al. 2000). Therefore methanol is considered to be the prime candidate for 

on-board fuel storage and has been successfully demonstrated in many test vehicles 

including the Necar 3 and Necar 5 vehicles (see Chapter 4).48 

Many research programmes are attempting to develop a multi -fuel processor that 

could be used to reform petrol or other hydrocarbon fuels. In 1999, Plug Power and 

Epyx Corporation demonstrated an integrated system (in the laboratory) comprising a 

fuel cell stack fuelled by a petrol reformer, the system achieving around 80% (fuel to 

hydrogen) eff iciency. However, the processor remains at the development stage (DTI 

2000). As of 2000, it is "still widely believed that the gasoline fuel cell car will not be 

available commercially for another 10-15 years" (Haydock 2000). Were the 

development of the multi -fuel processor to succeed, it would also offer the possibilit y of 

using other on-board hydrocarbon fuels such as natural gas and liquefied petroleum gas 

whose use as alternative vehicle fuels is already well established in the UK. This option 

will be investigated in Chapter 4. 

                                                 
48 Methanol is predominantly produced from natural gas. The American Methanol Institute estimates that 
35 milli on methanol fuelled FCVs would only require a 2% increase in natural gas consumption (AEA 
1998). 
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The main reformer technology being developed for automotive use is the steam 

reformer (see above) which performs well for methanol reforming, producing a 

reformate composed of around 70% hydrogen gas. For more complex hydrocarbons, 

higher temperatures require the use of partial oxidation reformers. These produce a 

lower yield of hydrogen (40% reformate) but have the advantage of utili sing exothermic 

reactions. Both these processes can be advantageously combined in the autothermal 

processor whereby energy released in the partial oxidation reaction is used to drive the 

steam process. The ̀ HotSpot' autothermal methanol reformer developed by Johnson 

Matthey reportedly generates a reformate composed of 89% hydrogen gas (Haydock 

2000). 

The advent of a petrol reformer would not necessarily allow the use of existing 

grades that contain many chemical components unsuitable for reformer technology. 

Sulphur, in particular, poisons the catalysts found in the fuel processor and fuel cell 

stack and has therefore to be removed, either on-board the vehicle, or in the refinery. 

This reinforces the trend towards very low sulphur fuels that is already underway (target 

of 10 ppm). The general consensus is that conventional petrol is unlikely to be used in 

fuel cell vehicles, the preference being for a synthetic fuel manufactured using ©gas-to-

liquids© technology. Although this would be homogeneous and sulphur-free, it would 

require a separate distribution infrastructure, reducing some of the benefits of a reformer 

based system (AEA 1999c). 

Other methods of producing hydrogen on-demand have been proposed and/or 

demonstrated. One is the use of sodium borohydride, which, in the presence of a 

particular catalyst, can be made to release hydrogen gas. The process has been 

developed by Mill ennium Cell who have produced a prototype unit for evaluation by 

Ford. The company has also announced business relationships with Ballard Power 
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Systems, DaimlerChrysler, U.S. Borax and Rohm and Haas, the world©s leading 

producer of sodium borohydride (Mill ennium Cell 2001). A second example is the use 

of use of `sponge' iron (3Fe), which, if reacted with steam in the presence of a catalyst, 

will release hydrogen. When the iron ̀ fuel' is depleted, the resulting iron oxide (Fe3O4) 

can be replaced with ̀ recharged' sponge iron. This system has been developed by H -

Power Corp who claims that 4.8% hydrogen storage by mass can be achieved 

(Johansson et al. 1993, p961). However, these methods are not accepted as having 

large-scale applicabilit y and will t herefore not be considered further by this thesis. 

Scenario 4 

The viabilit y of this scenario depends on the availabilit y of fuel cells that can operate 

using non-hydrogen fuels without the need for fuel reforming. As of 2001, the only low-

temperature fuel cell type being considered for automotive applications is the solid-

polymer direct methanol fuel cell (DMFC). However, even this cell remains as the 

laboratory stage (Haydock 2000, DTLR 2001). Therefore, scenar io 4 will not be 

considered for analysis by this thesis. 

 

Summary of scenarios 

Table 2.4 summarises the scenarios and options discussed in the previous sections, and 

shows the large number of energy conversion options that can be utili sed by fuel cell 

vehicles. Many of these options have already been discounted for further analysis in the 

discussion above but are shown for completeness. The options that will be considered 

in greater detail i n the remainder of this thesis are shown in bold. These will be 

fur ther analysed in Chapter 4. 
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Table 2.4 : Well -to-cell energy routes for fuel cell vehicles 

 Energy Source Energy Transfer Hydrogen Vehicle 

 Pr imary 
Energy 

Conversion 
to H2 Distr ibution Conversion 

to H2 
Storage 
Method 

Conversion 
to H2 

Engine 
Type 

Centralised Production 
of H2 from Pr imary 

Energy 

Distr ibution of 
Hydrogen 

On-Board Hydrogen Storage & 
Hydrogen Fuel Cell  

Electricity Electrolysis --- --- 

Biomass Pyrolosis --- --- 

Natural Gas --- --- 

LPG --- --- 

Methanol --- --- 

Ethanol --- --- 

Petrol --- --- 

Sc
en

ar
io

 1
 

Diesel 

Reforming 

H2 Tanker 
 

H2 Pipeline 

--- 

CGH2 
 

LH2 
 

Metal 
Hydride 

 
C-adsorption 

--- 

PEM 
AFC 
PAFC 
DMFC 

Non-Hydrogen 
Pr imary Energy Source 

Distr ibution of 
Hydrogen Carr ier and 

Conversion to H2 

On-Board Hydrogen Storage & 
Hydrogen Fuel Cell  

Electr icity --- 
National 

Gr id 
Electrolysis --- 

Biomass --- Road Pyrolosis --- 

Natural Gas --- NG Pipeline --- 

LPG --- LPG Tanker --- 

Methanol --- 
MeOH 
Tanker --- 

Ethanol --- 
EtOH 
Tanker 

--- 

Petrol --- Tanker --- 

Sc
en

ar
io

 2
 

Diesel --- Tanker 

Off -board 
Reformer 

CGH2 
 

LH2 
 

Metal 
Hydride 

 
C-adsorption 

--- 

PEM 
AFC 
PAFC 
DMFC 

Non-Hydrogen 
Pr imary Energy Source 

Distr ibution of 
Hydrogen Carr ier 

On-Board Conversion of H2 
Carr ier to H2 for use in Hydrogen 

Fuel Cell  
Natural Gas --- NG Pipeline --- CNG 

LPG --- LPG 
Tanker 

--- LPG 
Methanol --- Methanol 

Tanker 
--- Methanol 

Ethanol --- Ethanol 
Tanker 

--- Ethanol 

Petrol --- Petrol 
Tanker 

--- Petrol 

Sc
en

ar
io

 3
 

Diesel --- Diesel 
Tanker 

--- Diesel 

On-board 
Reformer 

PEM 
AFC 
PAFC 
DMFC 

Non-Hydrogen 
Pr imary Energy Source 

Distr ibution of 
Hydrogen Carr ier 

Use of Non-Hydrogen Fuel in 
Direct Fuel Cell  

Natural Gas --- NG Pipeline --- Natural Gas --- NG FC 
LPG --- LPG Tanker --- LPG --- LPG 

FC Methanol --- Methanol 
Tanker 

--- Methanol --- DMFC 
Ethanol --- Ethanol 

Tanker 
--- Ethanol --- EtOH 

FC Petrol --- Petrol 
Tanker 

--- Petrol --- Petrol 
FC 

Sc
en

ar
io

 4
 

Diesel --- Diesel 
Tanker 

--- Diesel --- Diesel 
FC 
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Safety issues of hydrogen and hydrogen carr ier fuels 

Safety concerns could act as a barrier to hydrogen fuel cell vehicle introduction. 

However, there is a growing body of evidence to support the view that the use of 

hydrogen is no more dangerous than the use of petrol or other flammable fuels.  

In hydrogen's favour, the gas is non-toxic. A hydrogen fire produces no poisonous 

fumes and has a lower flame temperature than petrol fuelled fires (see Table 2.5). Due 

to hydrogen's low density, escaping gas rises away from a spill site, unlike petrol 

vapour (and liquefied petroleum gas) which remain in the spill area so prolonging the 

fire's duration. With a high diffusion coeff icient, hydrogen mixes in air faster than 

petrol vapour or natural gas, which is advantageous in the open (but could represent a 

potential disadvantage in a poorly ventilated enclosed space). By volume, hydrogen has 

the least explosive potential as compared to methane and petrol.  

On the negative side, hydrogen is colourless and odourless which makes human 

detection diff icult. The gas burns in air at concentrations of 4%-75% by volume, which 

is a larger range than for other vehicles fuels. The minimum ignition energy required for 

a stoichiometric hydrogen/oxygen mixture is only 20 � -��ZKLFK�LV�RQH�RUGHU�RI�

magnitude less than for natural gas and petrol vapour (Hart 2000). However, as the 

energy of a spark is suff icient to�LJQLWH�QDWXUDO�JDV������ � -� ��WKLV�DVSHFW�LV�ODUJHO\�

irrelevant (HyWeb 2001). In the event of an explosion, hydrogen has the highest heat of 

combustion on a mass basis. 

Table 2.5 : Properties of hydrogen compared with other fuels 
Parameter (units) Hydrogen Natural gas Petrol 
Lower Heating Value (MJ/kg) 120 50 44.5 
Auto-ignition Temperature (°C) 585 540 228-501 
Flame Temperature (°C) 2045 1875 2200 
Limits of Flammabilit y in Air (Vol. %) 4.0-75 5.3-15 1.0-7.6 

�����������	��

���������������������������  !#"

 20 290 240 
Limits of Detonation in Air (Vol. %) 13-65 6.3-13.5 1.1-3.3 
Theoretical Explosive Energy (kg TNT/m3 Gas) 2.02 7.03 44.22 
Diffusion Coeff icient in Air (cm2/s) 0.61 0.16 0.05 

Source : taken from Hart 2000 
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Compressed hydrogen storage is li kely to be widely used for the first generation of 

commercial fuel cell vehicles. Willi ams reports the findings of researcher Kuhn who 

states that in extensive tests of 35-105 MPa pressurised hydrogen cylinders: 

“ Such tanks were crashed, crushed, dropped, shot, burned, and blown up, but 

failed to produce any consequences as bad as those resulting from comparable 

assaults on ordinary gasoline tanks. This is because the hydrogen tanks fail 

gracefully (leak-before-break); hydrogen is buoyant; and its low-emissivity flame 

has no incandescent soot to radiate infrared and so cause burns at a distance” 

(Willi ams 1996). 

However, the use of hydrogen poses new risks that need to be addressed. For 

example, hydrogen causes embrittlement in some metals, which must be replaced 

(usually by stainless steel) to prevent premature pipe breakage. Some hydrogen carrier 

fuels also raise new problems. If methanol is used as an on-board fuel, handling and 

storage precautions need to be taken, as methanol is highly toxic, can corrode some 

materials and is hydrophili c. A particular concern is the risk of methanol spill s near to 

drinking water supplies.  

In conclusion, each choice of fuel presents a unique set of risk factors. Although the 

risks posed by hydrogen are no more than for petrol or other fuels, the hazards are 

different and will require new regulations, personnel training and user awareness to 

minimise the likelihood of accidents. Although a full risk assessment is beyond the 

scope of this analysis, this thesis takes the position that: 

1. The use of hydrogen will require some changes in practice. 

2. The risks posed by hydrogen will not act as a barrier to its widespread use as a road 

transport fuel. 
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Box 2.4 : Ar ticle on palladium based hydrogen detector  
 

A French-US research group has developed a hydrogen detector with very fast response. It is based on the 
peculiar interaction of hydrogen with Palladium. The detector consists of Palladium wires just a few nm 
across. They extend in the presence of hydrogen and decrease their electric resistance due to the shrinking 
of lattice defects and similar sites. Thus hydrogen concentrations between 2 and 10 % can be detected 
within 75 ms (Favier 2001). 
 

 

Environmental impact 

This section presents a br ief environmental impact assessment of fuel cell vehicles 

based upon regulated and greenhouse gas emissions. A more detailed compar ison 

of the li fecycle emissions associated with petrol/diesel ICE, battery electr ic, hybr id 

electr ic and fuel cell vehicles will be conducted in Chapter 4 using the LEAF2 

model (see section 4.4). 

Available data suggests that fuel economy is significantly improved for fuel cell as 

compared to conventional vehicles (AEA 1999, Hart 1999, DTI 2000, Thomas et al. 

2000). This is primarily through the high eff iciency of the fuel cell drive-train at all 

loads in comparison with the ICE. For example, compared to the fuel use for a small 

petrol car (2.3 MJ/km) (DTI 2000), the fuel economy of DaimlerChrysler's Necar 4 and 

Ford's P2000 hydrogen FCVs are reported to be around 1.1 MJ/km while the methanol 

Necar 4 is predicted to have a fuel economy of 1.7 MJ/km (AEA 1999c). These figures 

are broadly consistent with those quoted for a large saloon car by Hart who estimates 

1.1 MJ/km, 1.5 MJ/km and 2.7 MJ/km for compressed hydrogen, methanol and petrol 

ICE respectively (see Table 2.6). Hart also predicts a similar reduction in fuel use for a 

hydrogen fuel cell bus as compared to its diesel equivalent (Hart et al.1999). 

Table 2.6 : Compar ison of tank-to-wheel fuel economy for pre-production FCVs 
Fuel Economy Car (MJ/km) Bus (MJ/km) 

Petrol/Diesel ICE 2.55  2.70 2.30 13.00 
Hydrogen FCV 1.16 1.07-1.13 1.07 0.90-1.36 6.87 
Methanol FCV 1.58-1.76 1.70 1.50   

Petrol FCV 1.82-2.62  1.91   

Source 
Thomas et al. 

2000 (1) 
AEA 1999 

Hart et al. 
1999 

DTI 2000 
Hart et al. 

1999 
(1) based on aluminium intensive vehicle (AIV) glider and measured on US EPA combined drive cycle. 
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For regulated pollutants, the fuel production emissions are not normally taken into 

to account (as they are for greenhouse gas emissions) due to the remoteness of the 

emission source from most areas of high population. However, for some fuel cell 

options, hydrogen is generated at the local level (i.e. at the fuel station). Therefore, 

regulated emissions are analysed on a li fecycle basis. 

Precise emission data is diff icult to source due to the commercial sensitivity of fuel 

cell vehicle development. However, estimates based on modelli ng suggest very low 

regulated emissions associated with fuel cell vehicles use. Using a li fecycle analysis, 

Hart estimates that the regulated emissions from UK hydrogen fuel cell vehicles (using 

hydrogen produced from reformed natural gas) are predicted to be significantly lower 

than for an ICE baseline. Methanol and petrol fuelled FCVs are also shown to result in 

lower emissions as compared to conventional vehicles (see Table 2.7). 

Lifecycle greenhouse gas emissions are also predicted to decrease due to improved 

eff iciency of the vehicle and fuel processing. However, the reduction is diff icult to 

quantify, depending as it does on the method of fuel production. If natural gas is 

reformed on-site, then modelli ng by Hart and others suggests that greenhouse gases will 

be reduced by almost 60% on a li fecycle basis for light-duty vehicles. Similar 

reductions are expected for a fuel cell bus (see Table 2.7).  

Table 2.7 : Compar ison of li fecycle emissions for pre-production fuel cell car  
Emission CO (g/km) NOx (g/km) PMs (g/km) CH4 (g/km) CO2 (g/km) 
Petrol ICE 2.31 0.26 0.010 0.04 209 
Petrol FCV 0.01 0.08 0.0002 0.03 173 

Methanol FCV 0.01 0.04 0.0015 0.07 130 
Hydrogen FCV 0.02 0.04 0.00002 0.06 88 

The above figures assume hydrogen is produced by steam reforming of natural gas on-site 
Source : Hart and Hörmandinger 1997; Hart and Bauen1998b 
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2.2.8 Summary of Cleaner Vehicle Fuels and Technologies 

This section summarises the environmental impact assessments of the cleaner 

vehicle fuels and technologies discussed previously in Chapter 2. In particular, it makes 

an initial assessment of the sustainabilit y of each option based upon regulated and 

greenhouse gas emissions according to the criteria set in Chapter 1. The purpose at this 

stage is to eliminate those technologies that do not offer the possibilit y of contributing 

to a sustainable road transport system. A more detailed comparison of the remaining 

candidates will be conducted in Chapter 4. 

On an environmental basis, natural and liquefied petroleum gas used in conjunction 

with an ICE show a similar performance (see sections 2.2.2 and 2.2.3). Using a light-

duty petrol baseline, NOx and GHGs are reduced by 30-35% and 10-15% respectively. 

For the heavy-duty diesel sector, NOx reductions are in the region 60-85% and GHGs 

are largely unchanged. Therefore, on the criteria developed in Chapter 1, road fuel 

gases used with ICE technology are not able to deliver a sustainable road transport 

system and are therefore eliminated at this stage. However, it should be noted that 

their use might play an important role in the transition to gaseous fuels such as 

hydrogen. This point will be raised in later chapters. 

If non-renewable energy sources are used, battery electric technology can result in 

an increase in li fecycle NOx and a reduction in GHGs of around 25% (petrol baseline). 

However, if renewable electricity is used, then both emissions can be reduced by almost 

100%. The hybrid and fuel cell electric options also offer significant reductions in 

li fecycle NOx (over 40% and 85% respectively) and GHGs (around 30% and 60%). If 

renewable hydrogen is used, the fuel cell option can lead to zero emissions (other than 

heat and water vapour). Therefore, battery and fuel cell electric options could, in 

principle, be used to construct a sustainable road transport system. Although the hybrid 
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electric option does not satisfy the sustainabilit y criteria, HEVs share many of the 

components of other electric vehicle types. In addition, they are considered by many 

analysts to form an important transition technology in the development of fuel cell 

vehicles (see section 5.1.3). Therefore, all three vehicle options that employ electr ic 

dr ive trains (battery, hybr id and fuel cell electr ic) are considered for fur ther 

analysis by the remainder of the thesis. 

 

 


